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FOREWORD

The problem of stress-corrosion cracking was identified by the Structures and Materials P-anel
of AGARD as a major area of concern to the aerospace industry. A Working Group on Stress Co.'rosion
Cracking was formed in 1965 with a basic objective _o evaluate and disseminate current knowledge
about the phenomenon A Specialists meeting held in 1966 (recordtd in AGARD publication R-540)/1966
entitled "Corrosion ol Aircraft") and a Symposium held in Spring 1907 (AGARD publication CP-18/1967
entitled "Stress-Corroaion Cracking in Aircraft Structural Materials") attracted leading personalities
of the NATO nations in the stress-corrosion field and resulted in the identification of two areas for
further study:.

1. The need to survey and publish current knowledge about the engineering practices to avoid
stress-corrosion cracking, and

Z. The need to survey and publish current recommendations concerning a stand-rd method
of test for stress-corrosion with particular emphasxsq on the generation of data significant
to the designers of aerospace components.

A survey of NATO countries carried out in 1968 (AGARD publication R-570/1969) and a
Symposium held in Fall 1969 (AGARD publication CP-63/1969) have highlighted those engineering
practices used to avoid streed-corrosion cracking. A similar survey conducted during 1969 (AGARD
publication AR-25/1970) and a Specialists meeting on Stress-Corrosion Testing Methods convened
during the 33rd Structures and Materials Panel Meeting in October 1971 (with proceedings published
in this AGARD report) constitute the efforts of the Wowking Group toward the second assignment
mentioned above.

The program of this Specialists meeting on Stress-Corrosion Testing Methods was prepared
to encourage discussion of (a) the utility and significance of stress-corrosion cracking data to current
engineer ng and design practices, (b) the progress being made by NATO countries toward standardiza-
tion of test techniques for stress-corrosion cracking, and (c) those test methods which might be
recommended as standard techniquec in the immediate future. Another importrnt purpose of the
meeting was to bring together those key personnel from North America and Europe who are striving
on a voluntary basis to fo,'mulate standard methods and recommended practices for stress -corrosion
testing. It is expected that the meeting will stimulate the interchange of information concerning such

techniques ana eventually lead to joint participation in any cooperative testing programs planned as a
result of the meetin g.

The opening lectire introduces the types and quality of data which are useful in design analysis

and the following five papers describe the activities and attitudes of the various corrosion and fracture
committees in the United States and Europe toward standardization of testing methods. The next
contribution summarizes the proceedings of the recent NATO Sc ence Committee Conference (April,
1971) on Theory of Stress Corrosion Cracking of Alloys with special reference to testing methods, The
remaining invited papers were solicited on the basis that they provided new information about stress-
corrosion cracking in general and/or stress-corrosion testing methods in particular.
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OF STRESS CORROSION CRACKING DATA

W. E. Anderson
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SUMMARY

An engineering design analyst traces throu',h some historical experiences
with cracking and fracture problems to indicate the significance of corrosion
acting concomitantly with stress. These experiences suggest a des,.:-;tionthat cracks develop either in "open" or "closed" areas; i.e., either at re-

gions accessible to the ambient environment and direct view, or, at regions
which are st-ucturally hidden. These latter regions can be thought of as
"nooks and crannies" having the same geometric nature as cracks or crevices.

Stress corrosion cracking is, first, a geometric disruption of the
affected material; e.g., by fretting, mechanical damage like nicks and
scratches, :orrosion pits and internal fissures or cavities. Then follows
an expansion of the disrupted region into the form of a crack, and, subse-
quent enlargement of the crack border.

Useful tests and evaluation methods now exist for the structurally
"open" problems;, this permits reasonable estimation of crack enlargement
rates and hence service performance for short-lived components under simple
loading and environmental experiences. Similarly credible tests and methods
for longer-lived items or the structurally "closed" problems seem not yet in
hand, even for the most elementary loading and environmental sequencing.
Such problems presently defy practical prediction.

Lots of low-cost, moderately accurate data from many sources appears to
have more utility for the analyst than limited araounts of very specific data.
Specimen configurations and methods suitable for low-cost testing are ex-
amined and "new" possibilities suggested.



1-1

ENGINEERING UTILITY AND SIGNIFICANCE OF STRESS CORROSION CRACKING DATA

W. E. Anderson

INTRODUCTION

Iy "landmark" experience with ambient-environment airframe stress-corrosion cracking (SCC) care about
in the late '50's as a result of a broken landing gear beam on a transport-type aircraft. Figure 1 shows
the broken beam; Figure 2, the fracture face region. The break occurred at night, while the airplane was
quiescent, having been refueled a little earlie,', prior to en intended early morning flight to the customer.
Rain had been tflling for about two hours; thf first in more than two weeks. Review of the craft's opera-
tions showed that it had been in lightweight ,lying status, but that a flat tire had been experienced two
weeks previously and iý was changed on the field runway. There seemed to be no question as to the initia-
ting structural defect.

"he locally dented tube broke srom the inside first, developing an effective crack length of about two
wall-thicknesses prior to the "wetting" experience. The fracture toughness of this material was estimated
at Gc 1 105 lb/:,i., whence, for the final crack length indicated by the change in rusting, the local bend-
ing stress figured at about 50,000 psi. A check with the geometry and load conditions at the time provided
verification of this estimate.

The timing of this event was important; we had been accumulating confidence in the crack-strength-
analysis methods of Irwin and Kies (1), who had visited the company on occasion. Our work was initially
centered on the danaged-fuselage problem (2), but the principles seemed generally useful for ,,u6i of the
high-strength aircraft structure. Relevance to fatigue crack propagation occurred to Paris in 1957 (3) and
soon enough data was accumulated from new tests reported in the literatute (4-7) to permit evaluation of
the scheme; it turned out that crack extension rate per cycle was correlated very nicely on the basis of
the elastic stress Field parameter, K, but it was to be some time before we could get the idea into pub-
lished form (8 and 9). We recognized the potential effects of envronmental influences on cracking (10),
and by the April 1959 meeting on stress corrosion in Pittsburgh. we .,ere throughly ready to "see" the sig-
nificance of wedging-type corrosion products on SCC behavior described by Nielsen (11).

Meanwhile, we had been struggling with the "thickness effect" on toughness of cracked aluminum struc-
tures (12 and 13) and possible metallurgical influences or. cracking resistance generally (14 and 15). There
was a lot to do.

Sometime earlier we had been having troubles with ,igh strength steels and "static fatigue." The con-
ditions behind the 1954 summary of B-36 (Figure 3) experiences by Sachs (16) probably influenced thinking
generally toward some method for steel protection which didn't cause more trouble than it cured. Among
other means (like painting) there was developed a "porous cadmium plating" as a consequence of undesignated
nocturnal urea addition to a plating sulution.

The porous plating would indeed permit the baking-out of hydrogen at low temperatures. After a number
of uneasy service difficulties, however, it became brutally clear that oxide of hydrngen could reenter the
"pores" and serve as a very efficient electrolyte for the cadmium-steel "battery" at each interface-deep
pore. The behavior was so regular that we could place a wet cotton wad on a strip so plated and, under a
particular bending strain, could predict its early failure time much too accurately (•a' had them breaking
at 30 min. - 5 min.). The "fix" was to fill the pores with a polymer.

Zoeller and Cohen (17) showed some of these structural aluminum and stee. stress corrosion cracking

problems, several of their figures are reproduced here (see Figures 4, 5 and 6).

THE HISTORICAL PERSPECTIVE

EARLY EXPERIENCES

These modern difficulties took on a different perspective when, in 1963, I was piv,.aged to explore
the older engineering journals at Lehigh University. Along with some remarkcble descri~tions of early
American steamboating boiler explosions (one of wh.ch, by Ewbank (18) in 1843, seems likly to have involved
stress corrosion cracking of copper), there was reported in 1844 by one John M. Batchelde- the "Explosion
of Hardened Steel" (19). His experience is portrayed in Figure 7, which he explains this way, "...The
cause of the fracture is. probably, the same as observed in the glass toy called Prince RuIert's drops,
made by pouring melted glass into cold water; the outside is suddenly contracted, while the nart~cles in
the interior, cooling more gradually, assume a differpit crystaline form, and burst asunder a, soon as the
cohesion of the external coating is destroyd." . ",iew his remuarks as showing marvelous insight.

Water storage tanks of iron and steel seemed susceptible to unexpected failur•s unoer .luiescent f' ndi-
tions; let me mention a few. The tank containing water from "...the silvery Tded... wh,."• hurst in
1867 (20) was possibly due to stress-corrosion aggravated cracking. So alsc, c.ight ha•e . ,o " 14,
June 29, 1881 water tank failure at Cincinnati (21)., One episode in the rather droll accou-,t oc this event
is rendered in Figure 8. Perhaps the 1904 early morning failure of the wate, tank at Sanford, Maine,
stewed from such crack aggravating causes, too (22). I shall not deny that triggering mechanisms for such
accidents ray iave included temperature-differential stressing between the relatively warm interior and
coldish outside winds, but the influencing factor of corroined stress and corrosion effects is difficult to
discard entirely.

It is even more difficult to find any other reason but stress corrosion for the unfortuoAte cause of
failure in the second attempt to span the St. Lawrence River with a "Quebec Bridge." The dramatic sequence
of events is pictured in Figure 9. The truss was lo.t because a cast steel support rocker broke unexpect-
edly under perfectly quiescent conditions; a view of the rocker region is shown in Fiqure 10. (Reference 23)
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There were problems with unexiected fractures of manganese bronze and tobin bronze bolts in the same
time period; one was at the Panama Canal (24). An imaginary rendering of this difficulty is given in Figure
11; what else but stress-corrosion' The residual stresses in ordance and helmets of WWI vintage caused
rather inusual spontaneous fractures; these were mentioned by Howe and Groesbeck in 1920 (25). An attempt
at picturing the problem is shown in Figure 12. During lunch break in a 1934 German construction shop, a
freshly cut beam split open; Campus showed a picture of this event (26), and it is reproduced hare as Figure
"13. Can these crackithg mechanisms be anything but concomitant action of stress and environment?

How shall all these incidents and acctdei.,s be described? What rationale might explain their precise
atomic-level mechanisms? These problems are clearly important to the structural designer and he must in-
clude them in his considerations. But how?

To this observer there are two classes of cracxing problems depicted in these historical events. One
is cracking of "open" regions and the other is a class of structurally "closed" regions. Whether the dis-
tinction is fundamental or trivial seems not yet clear. But from this point of view it is easy for me to
appreciate the 1930 remarks on corrosion in aircraft by Rawdcn (27)(referencing U.R. Evans' 1927 papers on
the subject), who pointed out that the rate of corrosion in a crevice "...on the basis of an oxygen
concentration-cell is often very much greater than elsewhere on the same structure..."

RECENT AEROSPACE EXPERIENCES

Aircraft and their engines in 1930 may have been somewhat less structurally complex than those of to-
day, but the SCC problem certainly din't lessen with the increased complexity! Outtweiler (28) has pro-
vided an example of elevated temperature stress corrosion in titanium alloy. Originally blamed oi fretting
alone (Figure 14), the test disc (Figure 15) caused the spin-pit mess shown in Figure 16. It was later
found that there was deposition of silver along with the fretting shown at the hole, and the assigned cause
was stress corrosion.

Typical structural problems in transport aviation were kindly outlined by Weesner (29) in connection
with another work. Figures 17-26 are taken from his offerings. All are traced to stress corrosion as the
initiating or crack-extending phase of these service problems with modern turbine-powered airframes. Other
survey work within the tnduqtry (30) indicated that the corrosion problem in civil aircraft generally was
not astonishingly more severe in overwater operations than overland operations; these figures, then may be
considered "typi'cal" examples.

A summary to this point must recognize clear evidence of concern by aircraft structural designers,
manufacturers and operators for the very real rroblem of stress corrosion cracking. Review of the figures
presented suggests classification of the experiences into "open" problems, where the influencing environment
can readily reach the affected area, and into "closed" problems where the cracking is initially "hidden" by
fasteners and faying surfaces of other structural components.

Two of the documented cases reproduced here were obviously associated with fretting as the causative
factor in geometric disruption of the affected material surface. The writer interjects personal views he
believes are correct that other forms of disruption are similarly effective, e.g. corrosion pits, inter-
metallics, atomic structure voids and plain old mechanical damage. Furthermore, the view is held that if
either the stress or the causative environment were absent from the affected region, the cracking process
would be significantly retarded or altogether voidr-.

ACTUAL CONDITIONS AND THE TESTS WE USE TO MODEL THEM

AN UPPER WING SKIN

An example of the structural loads experience of an airplane component may help point out what I regard
as real-life complexity of the SCC problem. Consider a certain portion of the upper wing skin on a conven-
tional civil transport aircraft. Figure 27 depicts an "average" day's experience; it is important to note
that about two-thirds of the load-time history is tensile.

Local residual stresses, somewhere in this region, may very well be nearly at yield. As the nominal
stress level fluctuates from positive to negative, it can be assumed that this local region will experience
the same range of fluctuations, but with an elevated mean.

A simplified representation, in real time, of the diurnal loads experience is shown in Figure 28. Loth
the nominal stresses at some region and the likely stresses at some other (residually stressed) region, ave
depicted as the approximated service cycles occur. This representation is probably the most elementary form
of stress corrosion load-time cycling which would be credible to design analysts like me. It appears I
shall have to resort to ad hoc approximations of the "worst likely" services experiences until something
along the lines of "Miner's Law" is established for SCC., I am heartened at the progress along these lines
(31 and 32).

(he loading problem of Figure 28 emphasizes to me the need for Lonsidering the conjoint action of SCC
and fatigue. I know that fatigue cracks as small as 0.1 mm seem to behavw as the larger ones when they are
defined by the stress field parameter concept (33), and providing the plastic zone ;urrounding th 2crack
border is small compared to the minor crack dimension. If the residual stress maximum of 440 iN/m is con-
sidered in this light, the case of a crack 0.1 mm deep is associated with a plastic zone only a fqw times
smaller than the crack depth. However, for the nominal condition of a stress maximum at 125 MN/mS, the
plastic zone ii about 1/40 the minor crack dimension of 10 4m. But whether these cracks might or might not
behave in a manner describcd by the stress-fieid-parameters concept, they are real problems because defects
like intermetallics as well as mecnanical damage or corrosion pits 0.1 mm deep may occasionally be found,
It is clear that concern for their effects on structure needs careful attention,

Figure 29 is presented at a scale of interest. The stress corrosion cracking data are from Hyatt (34),
and the fatigue cracking rates are estimated from the literature for the short-transverse grain direction,
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Both conditions are assumed to be "worst-like'iy a rcumstances which might arise in civil transport service.
At the nominal condition, maximm Ki -52.5 5N0m" 3ý1, and the 7079-T651 short-transverse plate exhibits
stress corrosion cracking rates of 10-5 a•sec; about 1 mm per dayl If the condition of 8.8 M.Um-3/ arose,
the cracking rate could exceed one ililimetter per hauri

On the basis of five cycles per day, the cracking (due to cycling loads only) might range from about
10-3 noday to some very much lower value. Using this comparison then, it can be seen that mechanical
cycling alone is several orders of magnitude less serious than the worst stress corrosion cracking. What
is not clear is how the two might interact if the two conditions were to be imposed simultaneou-ly, as they
could very well be in practice.

Consideration of the upper wing skin example should demonstrate that not only is it important to have
a measure of static-load stress-corrosion cracking resistance, but also it is necessary to have an evalua-
tion of the combined effects of load-cyclinq and environment. In the present case, the other realities of
temperature and pressure have not been implicated. At some tink these must be considered as pat of the
total environmental and load sequencing variations. From the sheer inmensity of this problem it is Easy to
appreciate why civil aircraft designers make very real attempts to provide structures that can safely con-
tain large amounts of cracking damage.

Before continuing to specific specimen testing remarks, consider Figure 29 again. Two other abscissa
scales besides cracking rates in millimeters are shown. The aluminum unit cell is considered to be aLout
4 A across, and requires the separation of three atomic bonds per unit cell for complete fracture (if the
process can be averaged for one unit cell thickness). At the lower stress-corro*Jon cracking rates of a
few unit cells per second or slower, each atom has the opportunity to vibrate 1011 or more times before a
bond is broken. As the cracking speeds reach that of brittle fracture, the atoms have the chance for only
about one vibration before breaking apart. This kind of information is not only interesting to me, but I
feel I gain some "perspective" from it.

TESTS

Conventional SCC test methods have not correlated well with actual cracking behavior of structures.
For example, conventional testing (Figure 30)(35) failed to identify the unusual cracking rates of 7079
aluminum alloy. Is it possible that the SCC crack tip is sometimes blunted? That's suggested by Figure 31,
from Creager and Paris (36), who referenced Mulherin's work. However, regardless of the details, the domi-
nant message of experl~nce is that SCC testing must take on broader dimensions than the important but incom-
plete story told by 600 seconds of immersion in 3.5% NaCl solution followed by 3000 seconds out of it.

Harking back to the upper wing skin and the stress history of Figure 27, one of the most apparent needs
is for tests which include various cycles of hold-time. The results of some of our own experimentation in
this area are shown in Figures 32a and 32b (37). Altogether the combined fatigue and environment effects
may be described as shown in Figure 33. It appears that some materials behave as "A", and others as "B".
Perhaps this generalization is broadly true and perhaps some of you can say why and under what conditions
the observed behavior will occur. But to get quantitative behavior numerous experiments are needed to find
which are the "A's" and which are the "B's". We are trying to make these "timed-hold" tests in the simplest,
least costly but credibhe apparatus we can conjure up. At the present time our cycling hydraulics (38) are
off-the-shelf items arranged as shown in Figure 34.

TEST SPECIMENS

Part of the course in "new" SCC developments may be guided by the specimen configuration. Different
specimens can provide different kinds of useful data. Smith and Piper (39) summarized many of these, Figure
35; for some of these, the crack-tip stress field intensity varies with crack length as shown in Figures 36
and 37.

There are at least two additional specimen types which may prove of value in SCC testing, tigure 38;
they cause variation with crack length as shown. All the selected examles are compared in Figure 39.

Both the ring specimen and (certain configurations of) the wedge-loaded ce,;ter-hole specimen have the
interesting property of an increasing, then decreasing, crack-tip stress field as the c.rack extends. Such
behavior may be particularly useful for obtaining several items of crack-resisting data fiom one test.
This possibility is illustrated in Figure 40.

NEW TEST SPECIMENS

Between the foregoing several specimen types there may be sufficient diversity to meet most practical
problems of SCC material testing. However, further refinements for structural testing can be suggested.

An adaptation of the center-hole rectangular-perimeter design is illustrated in Figuro 41. Pressing
the boundaries of this specimen will cause the hole wall to yield in compression. Following load removal,
the yielded region will be in residual tension. The specimen is now self-stressed, and may be subjected to
appropriate environments. Building on this approach, representative faying materials and fasteners may be
affixed to provide representative crevices. This scheme might prove well-suited to temperature and pressure
cycling patterns of real aircraft structures., Taie s;ccimens are inexpensive and can be destructively sec-
tioned as needed.

With just a little more imagination we can doubtless "invent" otl-!r tests that are both inexpensive
and credible to the likes of me., There is still a lot to do.

CONCLUDING REMARKS

The problem of SCC in aircraft structures has been reviewed, as I see it, using an historical approach
that I have found helpful. The important point is that SCC problems are stitl very much with us, and the

!1
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total *ecology of the crack" is a very comp'ex Inter-relationsh'p betweea loads, load-cycles, chemical
interactions of the structure with the environment, and normally occurring abuse in service.

I have intended to point up the need for further attention to realistic mode.ing of the complex param-
eters affecting real structures in the tests we choose to apply to materials. I,, this respect, we have come
full cycle to a remurn to the original sense of the word *test", which means to abuse a material or struc-
ture sufficiently well that its satisfactory behavior means we can use it for its intended purpose with con-
"fidence that it ui," perform its function safely and economically.

The essential contributions of pnysicists, metallurgists, and chemists and the crucial contrlbutions
of traditional testing must continue. These contr- ions have been and will surely remain invaluable.
However, I believe there is a trend toward more complete modeling of actual service conditions in SCC test-
ing, and I look forward with great hope and anticipation to substantial orogress in coping with these fail-
ure .qechanisms over the next decade. It r;stresses me to think that I might someday become a victim of SCC
and have to petition a city, somewhare, to get back nl fee for a car wash, like Mr. Reid of Seattle (Figure
42)(43).
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FIGURE9. FAILUJRE OF THEQUEBEC BRIDGE(3

FIGURE 10. SUPPORT ROCKER FROM QUEBEC BRIDGE; BEFORE AND AFTER (23)
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SUM4RY

Subcommittee 6 of ASTH Committee G-1 on the Corrosion of
Metals is responsible for developing standard test methods for
stress corrosion testing. The ASTH is a voluntary, democratic
organization of consumers, producers and persons with a general
interest in test standardization. The Subcommittee is divided
into four sections: 1) Smooth specimens and test Jigs; 2) Test
environments and specific material tests; 3) Corrosion fatigue;
and, 4) Precracked specimens. Under the sections, task groups
carry out the work of writing recommended practices and stan-
dard test methods. These are then voted upon at the Subcommittee,
Committee and Society level. Some practices that are currently
being balloted are: C-ring specimen, Bent beam specimen, U-bend
specimen, direct tension specimen, boiling magnesium chloride
test, polythionic acid test, and the 3.5% sodium chloride alter-
nate immersion test. Among the precracked vpecimen types that
are being developed are: the wedge opening load specimen, the
double cantilever beam specimen, and the single cantilever beam
specimen.
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PROGRESS TOWARD STANDARDIZATION OF

SCC TEST TECHNIQUES BY THE

AMERICAN SOCIETY FOR TESTING AND MATERIALS

H. Lee Craig, Jr.

Stress corrosion is a plague of modern industrial society. It is a problem for the
basic materials producer, the designer, the manufacturer, and eventually, the user who
must maintain and service the complex structures that are aircraft, missiles, rockets in
the latter half of the twentieth century. Even the scientist who studies the phenomenon
is perennially confounded by the marriage of mechanics, electrochemistry and metallurgy
that form the basis for understanding stress corrosion as a scientific discipline. No
less troubled is the engineer who must deal with stress corrosion as one of the many fac-
ets which come with modern, high strength materials. When the standard engineering answer
is, "rest it", the problem then becomes one of "which test" and 'what do these results
meaail.

This, then is tie conundrum that the Subcommittee G.O.06 has set out to solve with-
in the framework of the voluntary, cooperative group of industrial, government and acade-
mic interests known as the American Society for Testing and Materials. In a world market-
place where there exists side by side all shades of economic systems, in addressing this
group, I feel it is necessary to stress the two adjectives I have used above: voluntary
and cooperative. The ASTM is not associated with the United States government, other
than having received a charter from its Congress. Neither is it a professional organiza-
tion, dedicated to the advancement of some engineering branch. Rather, it is a body of
persons representing various groups of our industrial society who have voluntarily come
together to use the methods of science and engineering to achieve a common goal. When
there exists a community of interests on a given subject, a Committee is formed to con-
cern itself with that subject. Experts and others with a strong interest in the subject
are invited to join, and make up the membership of the Committee. It is then that the
cooperation among these persons provides the activity wh4 ch ultimately results in pub-
lished Standards, Symposia, Data and other salable items from which the Society derives
its income, in part, to support the cadre of headquarters personnel.

When the ASTM publishes a Standard, it is strictly a voluntary compliance that is
sought. Because of the rigor and thoroughness with which these Standards are compiled,
they are seldom questioned and have been accepted in courts of law as representing the
last vord, similar to the expert testimony of professional men su:h as doctors and engi-
neers. ASTM standards may be incorporated into government specifications or those used
by industry as a basis for purchase agreements.

In this paper I plan to give the background of the formation of our Subcomxnittee,
some of its accomplishments and the way these were brought about, and some of the pro-
blems we plan to face in the near future. I will also discuss our relations with other
societies, both on the national and international level.

Subcommittee G.O.06 was formed when the parent Committee G-1 was established in
1964. Prior to that time, corrosion problems were handled within the different materials
committees, stch as A-l, A-5 and A-10 on ferrous metals or B-2 on corrosion of non-ferrous
metals. The shifting of all corrosion activities into a single committee recognized the
value of having all experts in the field of corrosion coming together at one time to dis-
cuss their mutual problems. This Committee is one of the largest .ithin ASTM, having
over 300 members, with an active program of symposia, special technical publications,
meetings and the promulgation of standards. The various subcommittees deal with the
types of corrosion commonly met, such as atmospheric, marine, soil, the phenomena, for
example, stress corrosio, or galvanic corrosion, o, means of studying corrosion, includ-
ing laboratory tests, electrochemical methods or in plant tests. The present organizA-
tion of the committee is shown in Figure 1.

Subcommittee 6 has over 100 members. Such a large number made it desirable to
divide the effort into more narrow areas of interest. Therefore, four sections were
formed: Section 1, Smooth specimens and test Jigs; Section 2, Test environments and
specific material tests; Section 3, Corrosion fatigue: and Section 4, Precracked speci-
mens. This arrangement provides the permanent framework by which the committee functions.
On the other hand, the working of the committee is carried on by Task Groups. A task
group is established to solve a single problem or investigate a single point, as opposed
to a Section and Subcommittee, which has an area of interest. Consequenitly, when the
work of a task group is completed, it is discharged. The Section, Subcommittee, and
Committee continue to function as long as they hold meetings and conduct such business
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as they find appropriate. Normally, as talk groups are discharged, new ones are formed,
with ever changing membership, depet.xing on the nature of the problem to be handled.
Thus the work of the Subcommittee continues. When a Standard is adopted by the Society,
the Comittee that sponsored it remains responsible for it, and must review each Standard
at least once every five years.

The adoption of a Standard follows the structure described above, but in inverse
order. Problems are brought to the attention of the Subcommittee or Section. The members
vote to establish a task group. This task group meets and redefines the problem, and
starts a program which will lead to a solution. The program, in its fullest extent, may
involve a literature survey, holding a symposium, circulating a questionnaire, discussion
of these results, selection of -me or more promising methods of test. Drafts are prepared
and circulated to task group me.bers and others invited to comment because of their spe-
cial knowledge. Usually, drafts undergo several revisions. Sometimes alternative methods
are found. Then, round robin tests are performed to determine the relative merit of each
procedure. Finally, a proposed standard method is drawn up. This is submitted for bal-
loting by the entire subcommittee. In order to become official, a standard must receive
the approval of at least 90% of those voting affirmatively or negatively. A ballot may
be returned, marked, "Not Voting". This is an important point, for in order for a vote
to count, at least 60% of the ballots must be returned. Negative ballots must be accom-
panied by a statement giving reasons for this action. These objections are reviewed by
the Subcommittee, and evidence that each negative has been carefully considered and the
objections met must be presented to the main Committee in the report of the balloting.
The standard is then balloted by the entire Committee following the same rules as above.
Thereafter, the standard is forwarded for approval by t'e Society, either by an affirma-
tive vote of two-thirds of the members voting at the Annual Meeting, or by the return of
at least 25 letter ballots with a 90% affirmative vote.

I have been asked to explain the reasons behind the way we 1'%ve approached the sub-
Ject of stress corrosion test standardization. As was mentioned above, G-1 was formed
largely from Committee B-3. That committee had a subcommittee, number ten, devoted to
stress corrosion. Fred Reinhart was its first chairman, and I became its second chair-
man when Fred resigned. It seemed logical to us to first divide the subcommittee into
three task grovos, with the objective of determining the state-of-the-art of each sub-
ject area. From these state-of-the-art reports would come information as to whether
standards or recommended practices could be written from knowledge in hand, or perhaFs,
some further. cooperative research needed to b3 done.

These task groups were as follows:

TG 1 - Stress Corrosion Testing Methods - S. J. Ketcham,
Chairman

TG 2 - Stress Corrosion Environments and
Test Durations - H. B. Romans,

Chairman

TG 3 - Evaluating and Reporting Stress
Corrosion Results - D. 0. Sprawls,

Chairman

At this time, the nonferrous industry supplied many of the officers and chairman, simply
because B-3 was a nonferrous metals committee. When the change was made to a G classifi-
cation committee, we added an excellent and dedicated group of specialists from the fer-
rous industry, many of whom occupy positions of leadership at the present time.

Two important Task Groups were soon added, one on Nomenciature and the other, as
sponsor for a Symposium on Stress Corrosion Testing. One of the most important functions
of ASTl is to publish lists of definitions in the technical fields it covers. Our Nomen-
clature Task Group, under the splendid leadership of Floyd Brown, wrestled for many ses-
sions with the concepts and assumptions that go into defining the phenomenon of stress
corrosion, hydroger, cmbrittlement and many other basic terms. These were forwarded to
the Subcomnaittee on Nomenclature, which has the responsibility for gaining Society approv-
al for the definitions of terms commonly or uniquely used in corrosion. Presently, there
is no Nomenclature task group with Sub 6, but rather, any task group working in a problem
area and needing a definition, must develop one and submit it to Sub 2 and G-I for
approval.

Another ASTM function is to hold Symposia on topics of current interest, bringing
together all those in the Society who have contributions to make and inviting persons
outý.ide the Society to present their work. In the mid Sixties, stress corrosion was
being actively researched by many groups. Thus a task group to sponsor a symposium was
established, ani at the June 1966 annual meeting, a two-day, (four session) symposium web
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held, with thirty papers, plus a working session during the subcommittee meeting at which
three papers were presented which were received too late for inclusion in the formal
symposium. The ASTh then published the book, Special Technical Publication 425, Stress
Corrosion Testing, with most of the papers from the symposium, Included in this volume
"•are reports of the first three task groups, listed above. With the publication of these
reports, the task groups were d-.._:b-rged. This represented not the end of the work, but
merely the beginning, for the task groups were each charged with determining the state-
of-the-art in their subject and recommending appropriate action for our Subcommittee to
take. The large number of test specimens found in the literature, their lack of standard-
ization, the many test enviroiments used by different laboratories, and the several methods
of test reporting led to the conclusion that a very large task lay in fiont of us, indeed,
to bring any semblance of standardization to this subject.

At this point it was decided to establish sections within the subcomnittee. They
were:

Section I - Test Specimens and Loading Equipment
D. 0. Sprowls, Chairman

Section 2 - Test Environments
D. S. Neill, Chairman

Section 3 - Corrosion Fatigue
No Chairman at Present

Section 4 - Precracked Test Specimens
D. E. Piper, Chairman

Sections 1 and 2 were the natural extensions of the original two tasL groups. Sec-
tion 1 is limited to what are termed "Smooth" specimens, as opposed to the precracked
variety which were introduced in the mid-sixties for stress corrosion testing. Thus Sec-
tion 4 was established to promulgate recommended practices for making and using the pre-
cracked specimens. Tht parent committee assigned us the area of corrosion fatigue, but
to date, very little in.erest in this subject has been found among our members.

Section 1 has had the following task groups:

Task Group 3 - C-Rings - D. 0. Sprawls, Chairman

Task Group 4 - U-Bends - M. Henthorne, Chairman

Task Group 5 - Bent Beams - A. W. Loginow, Chairman

Task Group 6 - Tensile Specimens - E. G. Haney, Chairman

Task Group - Weldments

Each of these groups has decided that it would be impractical to specify a single

configuration, size or material for each class of specimen, so they have written, "Recom-
merided Practices"~. The difterence between a Recommended Practice and a Standard in this
instance is that some choice is left to the user in the selection of values for parameters
such as thickness, length, or diameter. However, guidelines are set down where it is felt
appropriate, for ratios of gauge to length, for instance.

As an example of the ASTM method at work, let us look at the steps which formed the
basis for the C-Ring Recommended Practice. Task Group 1 prepared a state-of-the-art re-
port on test specimens. Using the combined knowledge of the task group members, plus
literature searching, a report was assembled which listed the following specimen types
which appeared to be in use in more than one laboratory. (The "more-than-one-laboratory"
criterion is ofteu a convenient way to begin to eliminate many methods when looking for a
standard test procedure. This automatically provides you with several persons who qua-
lify by reason of familiarity as experts on a given method or specimen, in this case.)

Bent Beam Specimen (Constant Deflection)

Tension Specimens (Constant Deflection or Constant Load)

C-Ring Specimen (including tuning fork specimen,)

Sheet-Type Preform Specimen

Welded Beam Assemblies

Interference Ring Specimen

Tubing Specimen

U-Bend Specimen
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At the same time, a task group was being formed to study aluminum alloy 7039. This
task group selected the C-Ring specimen as the most desirable one to test thick armor
plate in the short transverse direction. There were five laboratories actively engaged
in using large quantities of C-Rings for quality control testing of armor plate pro-
duction.

As a result of these circumstances, Section 1 found that the largest body of active
interest available dealt with C-Rings, and therefore established Task Group 3. (The
numbers I and 2 were not used to avoid confusion with the original still active Subcom-
mittee task groups as their reports had not yet been published, and they were not yet
discharged).

The chairman wrote a draft af a recommended practice for making and using C-Ring
specimens. This was based on earlier documents that had been circulated among the five
laboratories lising C-Rings which participated in a round robin test of 7039 alloy. This
draft was circulated to the task group members and to other persons who were considered
to have an interest in this type of specimen.

A deadline was set for the receipt of written comments, and after these had been
received the chairman rewrote his first draft, making a second draft which incorporated
the comments of the task group members. The time intierval usually encompassed one or
more meetings of the ASTM, which holds an annual meeting and a committee week, six months
later. At these times the task group members meet face to face and discuss the written
drafts at length, deciding if there is need for any experimental work to solve points at
issue which are not agreed upon by the group. For instance, in the C-ring method it is
left to the user to deciJe the surface preparation appropriate to his material, so no
attempt is made to be specific in this area. On the other hand, the ratio of wall thick-
ness to diameter of the ring is specified, within limits, since this parameter has an
effect on the precision of the stress determination, for all -,aterials.

The user is referred to other ASTM recommended practices for corrosive environments,
such as the 3 1/2% sodium chloride solution-alternate immersion method. In this manner,
the user c.an select any one of a number of ASTM specimen methods. Usually choosing one
which is most appropriate to his material and form (sheet, plate, tubing and so on) and
combine it with one of the ASTM environment methods, that suits his needs, (For instance,
the boiling 42% magnesium chloride solution used with stainless steels).

When the task group is satisfied with a draft of the document, it is agreed to sub-
mit it to the Section for a vote. If the Section approves the work, then the document
is reported to the Subcommittee as being ready for letter ballot. The Subcommittee then
mails out a copy of the document to each member with a ballot. In order for a vote to
be validated, 60% of the ballots mailed must be returneo, marked either affirmative,
negative, or not voting. As stated above, at least 90% of the total affirmative and
negative votes must be affirmative to proceed.

If this be the case, as it was in the instance of the C-ring method, then the task
group chairman proceeds to resolve the negative votes. Many times the points raised are
changes accepted by the task group, as they had overlooked some facet which all concerned
recognized to be valid. Occasionally, an objection may be raised which a majority of the
task group feels is not sustained. In this case, a formal vote is taken and recorded.
The person who voted negatively is informed of the action. When the results of the vote
are presented back to the Subcommittee, all negatives are reported and the way that they
were resolved is giver in enough detail so that the Subcommittee can decide for itself
if the vote to override an objection was valid or not.

This was the case in the C-ring voting, so the Subcommittee voted to forward the
method to the entire G-1 committee for ballot. The above procedure is repented once
again, with the larger group. The C-ring method is curreunly at this stage today. As-
suming no valid objections will be received, the Committee will forward thn document for
approval by the entire Society. Once this approval is obtained, the recommended practice
will be published in the Book of Standards. It will remain active unless action is taken
against it. Every five years the Subcoimmittee will be asked to ballot the desirability
of continuing the method. In this way, methods which fall into disuse are removed from
the Book of Standards, when they no longer meet with the approval of the Subcommittee
which proxnulgated them.

As I mentioned earlier, this particular practice was believed to be so well esta-
blished by usage among the several laboratories whose representatives comprised the task
group, that no round robin or other laboratory testing stage was needed. If the publi-
cation of the method as a standard promotes wider use of the C-ring, then, users may
come up with alterations or improvements. These can be incorporated into the document
with the periodic revisions noted above.
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To complete my report on the status of Section 1, the U-bend method is also being
balloted by G-l. The bent-beam method was slightly delayed by one member of the Sub-
committee, who shall remain anonymous, who thought he spotted a mathematical error in
the derivation of the bent beam formula used to calculate the stress. He voted nega-
tively, pointing out this error to the task group chairman. It took a heated exchange
of letters and resort to an expert stress analyst to convince our subcommittee member
that it was his math that was in error, and not that of the method. I mention this,
really, to pay tribute to those members who do take the time to study carefully and de-
rive for themselves the formulas and other details that go into making up a complex pro-
cedure such as this. Their fortitude in voting negatively should also not be overlooked,
since it takes courage to put forward your own convictions. However, the procedures of
the ASTH are designed so that each person's valid objections are heeded. This contributes
imaeasureably to the rigor of the final published document.

A comparison of theoriginal Task Group 1 document which used three paragraphs and
a brief procedure for calculating the stress level in a C-ring with the recomnended
practice for making and using C-rings will demonstrate the increase in thought and detail
that has been put into the latter, thereby greatly increasing its usefulness, particularly
to the novice.

Except for the U-bends, bent beams and tensile test specimens, there had not been
any interest among Subcommittee membsrs in writing recommended practices for other spe-
cimen types. For example, the tuning fork specimen, a favorite of many laboratories,
has often been brought up, but without a.-' members found willing to undertake the effort
needed to write a document. Part of the reason for this, I am sure, is the recent up-
surge of interest in precracked specimens, which has occupied zhe attention of those who
might otherwise be actively developing tuning forks and other smooth specimens.

At our recent meeting, however, a new member came forward to express an interest in
specimens for weldments. This was another area which had been olscusaed by older members
through the years, but without much action. Now, I use this as an example of how a new
problem gets introduced and handled in the framework of an established subcommittee.
Presently, this member is drafting a recommended practice that will be circulated to the
task group and other persons interested in the subject.

Section 2 similarly grew out of task group 2 on test environments and test duration.
It has converted into a section whose area of interest deals with specific materials and
environments used to test these materials. Stress corrosion is a problem shared by all
materials, but each family seems to have as its nemesis, one or more specific corrodents,
as ammonia compounds in the case of copper base alloys. These corrodents are generally
widely distributed throughout our natural and man-made environments, so no real effort
can be made to control the problem from this standpoint. However, when testing a given
material for susceptibility to stress corrosion, it has been a common and useful prac-
tice to limit the test environment to some formulation that includes the specific corro-
dent for the material of interest. With this assumption underlying its work, Section 2
has had the following task groups:

Task Group 7 - Hot salt test for titanium alloys
W. B. Lisagor, Chairman

Task Group 8 - Stress Corrosion test for 7039 alloy
T. J. Sumxnerson, Chairman

Task Group 9 - Boiling magnesium chloride test
D. S. Neill, Chairman

Task Group 10 - Polythionic acid test
D. S. Neill, Chairman

Task Group 11 - Intergranular and exfoliation corrosion of oluminunm alloys
S. J. Ketcham, Chairman

Task Group 12 - 3 1/2% Sodium chloride-alternate immersion test
D. 0. qprowls, Chairman

Task Group 13 - Stress corrosion test for magnesiurm base alloys
A. Gallaccio, Chairman

Task Group 14 - Stress corrosion test for copper base alloys
R. Popplewell, Chairman

Task Group 15- Stress cocrosion test in organic media
E. G. Haney, Chairman

Tak Group 16 - Stress corrosio., tests in atmospheric environments
No Chairman
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Task Group 1 - Stress corrosion test of insulating materials used
with stainless steels
D. S. Neill, Chairman

Each task group has had its own special history which has influenced the position
in which we fird them today. Task group 13 was discharged upon receipt of a report
which included a literature survey of the field, and a conclusion that there was insuf-
ficient interest among members to prepare a recommended practice for the stress corrosiun
testing of magnesium based alloys.

Task Groups 9 and 10 have recommended practices currently being balloted by G-1. In
the boiling magnesium chloride test, a major contribution was made by a non-metber, I. B.
Casale, through the efforts of M. A. Streicher a G-1 member who was not originally a mem-
ber of the subcommittee. Dr. Streicher became a member and contributed greatly to this
document. It is appropriate to mention at this time that the originator of this parti-
cular test, M. A. Scheil, was a member of Committee G-1 and also has participated in
the committee. The other task groups are at various stages ui voting on drafts within
the task group, or, in some cases, preparing first drafts. Task Group 11 was formed
within Subcommittee 6 because many of its members were active in this subcommittee, and
the problems were felt to be somewhat related. However, this task group was later trans-
ferred to the jurisdiction of Subcommittee 5, on laboratory tests, and is nearing com-
pletion of its work.

Section 4, on precracked specimens started to write methods for specific materials,
high strength steels, titanium alloys and high strength aluminum alloys. This effort
did not reach fruition. A reorganization was made and now, this section will follow
Section l's modus operandi, and write a recommended practice for each of several parti-
cular types ot specimens:

Task Group I - Wedge Opening Load Specimen
S. R. Novak, Chairman

Task Group 2 - Do-able Cantilever Beam
D. E. Piper, Chairman

Task Group 3 - Single Cantilever Beam
B. F. Brown, Chairman

The most significant part of this effort is the cooperation being afforded to G-1
by Committee E-24. This conimittee is involved in the area of fracture mechanics, a
branch of mechanical testing. One of their subcommittees, number 4, has the more narrow
interest of environmentally controlled sub-critic.1 crack growth. This is, of course,
stress corrosion, viewed from the more narrow discipline of mechanics, which generally
neglects the effects of environment - but then - who can do this today? This subcommittee
established a task group, at first assigned the task of reviewing the draft for a recom-
mended practice being written by Section 4, and now, to cooperate fully in the work of
this Section.

It is contemplated that three methods will be proposed and that a round robin test
of two or more of them will be carried out. These methods are currently being drafted
by task group chairmen.

In addition to the work of the task groups and sections, the Subcommittee carries
on several other functions. One of these has been mentioned, that of sponsoring a sym-
posium, from which grew much of the work of the task groups and a volume of papers which
serve as a permanent record of the state-of-the-art in stress corrosion testing as of
1966. Since then, the Subcommittee has co-sponsored or otherwise participated in several
symposia and other taectings. One of the latest efforts was to contribute a chapter on
Stress Corrosion Testing to the Handbook on Corrosion Testing being edited by W. H. Ailor.This will be published under the sponsorship of the Electrochemical Society as one of a

series of volumes to replace H. H. Uhlig's classic but long out of date Corrosion
Handbook.

I would like to close my remarks by stressing the philosophy whereby we have guided
this committee. The hallmark of our efforts has been "to provide a forum where those
interested in stress corrosion could exchange views and cooperate in mutual endeavors
to advance the art and knowledge of stress corrosion testing." We have not tried to
be exclusive in this work, but rather have actively pursued liaison with other ASTM com-
mittees and other national organizations, such as the National Association of Corrosion
Engineers, the Metals Property Council, the American Society for Metals, the Aluminum
Association, the Welding Council, and other groups.

Lo
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There have been some overtures for cooperation on the international level. ASTM
held its first meeting outside the United States in Toror to, Canada just a little over
a year ago, in June, 1970. John Stanners, of the British Iron and Steel Research Asso-
ciation met with us, and told us of the program of round robin testing being carried on
in his country with precracked specimens. We have had correspondence with Redvers
Parkins, of the European Federation of Corrosion. Now. I expect this meeting to accel-
erate the exchange of ideas and methods that we use, looking forward to an eventual
cooperation under the aegis of the International Standards Organization. The ASTM is
entering the seventies with a new, expansionary program to meet the demands of our truly
modern, completely worldwide industrial society. I fully expect this meeting to be but

the first of many with the objective of promoting the standardization of stress corro-
sion tests on a worldwide basis.

COMMITTEE G-1
W. H. Ailor, Chairman

Executive Committee GO1.90

Comittee for Editorial Review
GO1.91

Committee on Research G01.93

GO1.02 GO1 .08
-Nomenclature -Corrosior, of Nuclear

Materials

GO1.03 GO1.09
-Statistical Analysis and -Corrosion in Natural

Planning of Corrosion Testing Waters

GO1.04 G01.10
Atmospheric Corrosion Corrosion in Soils

GO1.05 GO1.11
-Laboratory Corrosion Tests -Electrochemical Measure-

ments in Corrosion
Testing

GOI.06 GO1.12
Stress Corrosion Cracking In Plant Corrosion Tests

and Corrosion Fat

G01.07 GO1.03
Galvanic Corrosion -High-Temperature Oxidation

and Corrosion By Gases

GRAPH 1

ORGANIZATION OF ASTM COMMITTEE G-1
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SUMMARY

There is Just one NACE Standard for stress corrosion test techniques: it is
entitled, "Evaluation of Metalh 'or Resistance to Sulfide Stress Cracking at Ambient
Temperatures". This document Le In proceis and it is expected that it will be given
final approval and .'ssued in 1972.

The Pluminum Association is sponsoring Jointly with the ASTM a task group for
the stress cor 'ion testing of 7XXX series high strength aluminum alloys. Members of
the task grou,, include five producers of aluminumz alloys, five U. S. Government agencies
and one aircraft manufacturer. An inter-laboratory test program is in progress on three
tempers of 7075 alloy for the purposei of: (1) comparing three types of smooth test
specimens, (2) ascertaining the uniformdty of test results that can b6 expected with a
closely controlled procedure for the 3.5% NaIl alternate immersion test (Federal Method
823), (3) evaluating other corrodents that do not cause severe pitting of these alloys,
and (4) relating the SCC performance in these laboratory tests with that in outdoor
atmospheres.



3-1

PRoaRS3 TOWARD STANIDARDIZATION OF SCC TEST TECHNIQIES
BY THE NATIONAL ASSOCIATION OF CORROSION ENGINE

AND THE ALAMINU4 ASSOCIATION

Donald 0. Sprowle

PART I - NATIONAL ASSOCIATION OF CORROSION ENGINEERS

The National Association of Corrosion Engineers is a technical society composed
of approximately 7000 members who are interested in the various aspects of corrosion
prevention and control. The Association was founded in 1943 and has grown from its
initial beginnings with the pipeline industry to a membership chat encompasses all aspects
of industry. Its membership is not restricted to the United States but includes several
hundreds of members from Canada, Japan, Mexico, and the European countries.

TECHNICAL COMMITMEES fnmcrion as the technology arm of NACE. Meetings of these
committees serve as forums for discussion of specific corrosion problems. From these
discussions, informational reports and NACE Standards are evolved. All Standards issued
by the Association are written, reviewed, and approved by procedures set forth in the
"NACE Standards Manual", to be described in a later paragraph.

The following is a list of the Technical Group Committees organized under the
general Technical Practices Committee as shown in Figure 1.

T-1 Corrosion Control in Petroleum Production
T-3 General Corrosion
T-5 Corrosion Problems in the Process Indusaries
T-6 Protective Coatings and Linings
T-Z Corrosion by Waters
T-_ Refining Industry Corrosion
T-9 Corrosion of Military Equipment
T-1O Underground Corrosion Control

Each Technical Group Committee consists of several alit Committees, and these
in turn are generally organized into Task Groups with specific assignments. For example,
one of the Unit Committees of Committee T-1 is "Metallurgy of Oil Field Equipment", and
this Unit Committee has several Task Groups, one of which (T-lF-9) is devoted to testing
techniques for sulfide corrosion cracking. This Task Group has the assignment to prepare
a standard for evaluating materials for sour crude service.

The NACE Standards Manual provides a guide which must be followed for the
development and preparation of new or revised standards. An NACE standard shall be
initiated by a Technical Unit Committee with at least ten members. The interests of the
individual members shall be recorded under the categories of "Consumer", "Producer", and
"General Interest". Every effort will be made to have equal representation between the
"Consumer" and the "Producer", but in no event will the membership consist of less than
51% in the "Consumer" plus "General Interest" categories. The proposed standard is
drafted by the anpointed Task Group which may use the services of uniquely qualified
persons external to NACE as "Advisors". A flow diagram showing the procedure for review
and approval of a proposed standard is shown in Figure 2. The Central Office of NACE
shall submit a standard to the originating Unit Committee after the first two (2) years
for reapproval, change, or recommendation that the standard be submitted to the American
National Standards Institute for Adoption bý that body.

The proposed NACE Standard (Test Method) entitled "Evaluation of Metals for
Resistance to Sulfide Stress Cracking at Ambient Temperatures" is currently out for
letter ballot of Group Committee T-1. This document probably will be completed and given
final approval early in 1972. It would be premature to distribute copies of the draft at
thiu time, but a copy of another NACE Standard is appended to illustz'ate the format.

Group Committee T-5 has a Unit Committee on the "Stress Corrosion Cracking of
Metallic Materials", which sponsors symposia and conducts forums for discmssion of stress
corrosion problems, new stress corrosion resistant alloys, protective measures, etc.
There are several task groups representing different metal alloy systems, and the
assignments involve informational reports on service failures and case histories
(Figure 1). This committee maintains effective liaison with the ASTM Subcommittee on
Stress Corrosion Testing, and inasmuch as the latter is actively working on SCC testing
methods, Unit Committee T-5E has not moved in this direction.

There are no other Unit Committees or Task Groups in NACE that are concerned
with stress corrosion testing methods.

PART II - ALUMINUM ASSOCIATION - ASTM JOINT TASK GROUP

The Aluminum Association, with its membership consisting of representatives of
producers and fabricators of aluminum and aluminum alloys in United States and Canada,
has among ito technical committees one on Finishes and Corrosion. In May, 1971, the
Aluminum Association Technical Policy Committee requested the formation of an Ad-Hoc
Committee to consider the problems associpt'.d with the -tress corrosion testing of high
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strength heat treatable aluminum alloy products. This commiteee sponso-led a technicalpresentation of the pIyoblem at the U.S. Air Force Materials Laboratory on June 3, 1971,for representatives of the A.r Force, the Naval Air Systems Command and the U.S. Army.An abridged version of that presentation is given in the sections to follow. In responseto the interest and support pledged by the armed services, a task group was organized inJune, 1971, entitled, Aluminmn Association and ASTM (001.06.91) Joint Task Group forStress Corrosion Testimn7XXX Aluminum Alloys Containing Copper. Members include fiveproducers of aluminum alloys, five U. S. Government agencies and one aircraft manufac-
turer.

What is the Problem?

1. Stress-corrosion cracking (SCCI problems have occurred with parts made ofhigh strength aluminum alloys such as 2014-T6, 2024-T3, 7075-T6 and 7079-Tb. Generallythe SOC is associated with sustained tension stress at the surface of the metal andacting in the short transverse directiofi relative to the grain flow pattern in the metal.Machining parts from forgings, plate, etc. often has left end-grain structure at thesurface of the finished part. The stresses that have been responsible for the SCCusually are not caused by the design loads that are watched closely by fatigue consciousengineers. Rather, SCC is generauly caused at unexpected locations by relatively hightension stresses +hat are locked into components as a result of heat treatment or
assembly practices.

2. Although alloy 7075-T73 has provided a good solution to SCC of high strengthaluminum alloys, the attendant decrease of 10 to 15% in T.S. and Y.S. compared to7075-T6 is undesirable for many applications. Nevertheless, it often has been possibleto substitute 7075-W73 directly for 2014-T6. Satisfactory performance has been given by7075-T73 products in structures for up to 8 years operation. Also, accelerated laboratorytests and exposures of up to 10 years in industrial and seacoast atmospheres havedemonstrated the virtual immunity to SCC of a wide variety of products and shapes. Todefine the resistance to SCC of 7075-T73 products for specification purposes, a SCC testrequirement was incorporated into the military specification for the heat treatment ofaluminum alloys, MIL-H-6088E. Subsequent experience has shown that the conditions ofthis test, summarized in Table I, are too general when used for the evaluation of productsof newer alloys and tempers. An illustration of the wide variety of test conditions usedis shown in Table II with information from sixteen different laboratories. Because thisis the most widely used accelerated test for these alloys, it is expedient to regulate
conditiois to make the test as reliable as possible.

3. The aerospace industry has indicated that for many applications an alloy
with a resistance to SCC less than that of 7075-T73, but substantially better than thatof 7075-T6 or 7079-T6, would be verj desirable, provided it has mechanical properties
similar to 7075-T6 or 7079-T6. This has become a prime target for allW development forthe aerospace industry, and new alloys and/or tempers, such as 7075-T76, 7075-T736,7175-713b, 7049-T73, XT050-T73*, XT050-T736* and RX720 have appeared on the scene.

It is not practical to use SCC tests only in natural environments for alloydevelopment because of the long exposure periods required, and so accelerated testsare used. The T73 temper, and later the T76 temper, were developed principally byexposures to the 3.5% NaCl alternate immersion test; the salt solution was made topurity standards meeting ASTM B117 (salt spray test solution) and the exposures madeunder ambient conditions of laboratory atmosphere. The reliability of this test forpredicting the atmospheric SCC performance of 7075 alloy in the Tb, T73 and T76 tempersis illustrated by the test data shown in Figure 3.

4. Problems have arisen in defining "intermediate" resistance to SCC ofaluminum alloy products. Not only do variables in the SCC test procedure have a markedinfluence on the SCC test results, but of even greater importance is the selection ofrepresentative products and the sampling procedure. These critical factors influenceboth R & D efforts to develop new alloys and the establishment of meaningful specificationacceptance tests. Figure 4 is a schematic representation of data from a number ofinvestigations showing the wide variation in performance that may be encountered in 3CCtests of 7X=-T7X alloy products compared to those of 7075-T6 or 7075-773, when properaccount is not taken of the test conditions.

In the lipper graph it is shown that at the relatively high stress level of 75%Y.S. (usually about 40-50 ksi for 7XXX-T7X products) 7075-T73 is highly resistant to 3CCregardless of test conditions and product tested. At this high stress level specimensof T6 temper products fail rapidly in all cases. The performance of specimens fromintermediate resistance TTX temper products can vary widely depending upon the graindirectionality of the product, type and location of the specimen tested, and the make-upofappe test solution: on the basis of a "30-day A.I. test" a specific 7XXX-bth alloy mayappear to be the equal on the5basi ofr it may not appear appreciably better than 7075-Tm
or 7079-T6.

At the 25 ksi stress level (lower gralb) 7075-T73 will not stress-corrosioncrack and the 7075-T6 may, on the basis of extended specimen life, appear to be fairlyresistant. The performance of 17X temper specimens, on the basis of a 30-day test, may

• Preliminary temper designations still in development stage.
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appear distinctly superior to the T6 temper and equal to 773, but on the basis of longer
expoeures, the performance may overlap both that of W3 and T6 tempers.

The effects of some of the variations in test conditions will be discussed in
the following paragraphs.

The 3.5% NaCl Alternate Immersion Test

Method No. 823 of U.S. Federal Standard 151B was issued on November 24., 1967
to regulate the procedure for this test in SCC specifications for aluminum alloy products.
The regulations set forth are shown in Table III. To evaluate this test method an inter-
laboratory testing program sponsored by ASTM Subcommittee GO1.06.02 was conducted in five
different laboratories on C-ring specimens of 7039 alloy plate. Appreciable variation
was observed in the alternate immersion test results obtained in different laboratories,
although the repeatability of the test results in any one labc--atory was fairly good.
Comparison of the detailed procedure used in the five laboratories revealed that all had
not adhered strictly to the specified procedure.

Another small interlaboratory test was performed by Alcoa under the sponsorship
of a government contract, and a portion of the data is shown in Figure 5. The graphs
illustrate a mprked variation in corrosion and SCC of transverse 0.125-in. diameter
tensile specimens of 7079-T651 exposed to 3.5% NaCl A.I. tests in four different
laboratories. All four tests would conform to the general requirements of MIL-H-6088E.
Procedure A is an Alcoa test using solution made with commercial salt and tapwater which
meets the water purity limits of ASTM BI17-64 (<200 ppm total solids). Procedures B and
C satisfied Federal Method 823 (Procedure B conducted by Alcoa, C by another laboratory).
With Procedure D (a third laboratory) the salt solution met the purity standards of
Method 823 but the atmospheric conditions varied over a wider range. Wh!.le Procedures
C and D were more corrosive to 7079-T651 alloy, Proc6dure B caused more rapid SCC.
Procedure A was the milder test on both counts.

A problem of interpretation that arises with the 3.5% NaCl alternate immersion
test is illustrated by data plotted in Figure 6 for a single lot of 7075-T7351 plate.
When operated without close control of atmospheric conditions, solution chemistry, etc.
the test yields variable results, as one might expect. When an attempt is made to
regulate the test, as in Federal Method 823, test results may be more uniform in a given
laboratory, but there still can be appreciable variation in test results between
laboratories. In this instance the wore aggressive Method 823 versions of the test do
not relate with 4-year outdoor exposure tests as well as the less aggressive test (dashed
line). The reason, as revealed by metallographic examinations of failed specimens,
is that the specimens exposed to the two Method 823 tests failed as a result of trans-
granular cracks caused by tensile overload that occurs as the corrosion pits develop and
not Lvy characteristic intergranular SCC. Such transgranular cracks have never been
observed in specimens exposed to the atmosphere.

Subcommittee G01.06 of the ASTM is presently balloting a Recommended Practice
for Performing the 3.5% NaCI Alternate Immersion Test that follows closely the conditions
called out in Federal M"thod 823. A new interlaboratory test program evaluating this
test p'ccedure is presently being started by the Aluminum Association - ASTM Joint Task
Group.

The Stress Corrosion Test Specimen

The type and size and method of loading of the stress corrosion test specimen
can have marked effects upon the probability of its failing and the time to failire.
Also, small test specimens are particularly liable to tensile overload failures when
exposed to environments that cause severe pitt.ing of the specimen.

Because the per cent loss in strength cf the test specimen is a function of the
specimen diameter and the exposure time, it may be concluded from Figure 7 that the
0.225-in. diameter specimen is less likely to incur pitting-failures in a 30-day exposure
than the 0.125-in. diameter specimen. Although there has been widespread use of the
0.125-in. diameter tensile test specimen, the occurrence of such failures in the 3.5%
NaCl alternate immersion test has resulted in many laboratories adopting larger diameter
tensile specimens.

A disadvantage or risk involved with the use of larger diameter tensile
specimens is a sacrifice in the sensitivity of the test to true stress-corrosion cracking.
The results summarized in Table IV for high resistance tempers show that these "pitting-
type" failures almost can be eliminated by use of the 1/4-in. diameter specimen.
However, tests of intermediate resistance items at high stresses and of low resistance items
at low stresses showed that use of 1/4-in, specimens reduced the percentage of legitimate
SCC failures. Thus, the use of larger specimens to avoid "nuisance" pit-type failures
may also reduce the ability to detect susceptibility to SCC. This is particularly true
for a 30-day exposure of items with intermediate resistance to SCC. Atmospheric
exposure data for specimens of both sizes are needed to determine which size of test
specimen gives the most realistic data.

Method of Sampling Products to be Eva±,ated

In a simple product such as sheet, the choice of specimen type and orientation
is limited. However, for thick sections, and eýspecially for complex shapes, the jampling
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proedur'e becomes more complicated and or fundamental importance. It Is necessary to
account the graii. structure of the material resulting from the metal flow

pattern induced during fabrication of the product.

Because of the sequence of working operations in making forgings, and the
variation that is possible, the metal flow pattern may not always be simply related to
the cross section of the finished product. Consequently, true longitudinal and long-
transverse specimens may be difficult to locate without first making a careful examina-
tion of the grain structure. It is recognized that in hand forgings the grain structure
is usually elongated in the longitudinal and the long-transverse directions with relation
to the exter-al shape of the part. In a square cross section, the grain structure
pattern may not be as well defined in relation to the external shape as in a rectangular
section; however, as the width-to-thickness ratio increases, the lonG-transverse
charecteristics usually become more apparent.

Even a square section, however, may exhibit different degrees c..' directional
structural characteristics. An extreme example of the complicated metal flow pattern
that may be developed in a square hand forging is shown in Figure 8. From this 8-inch
square section "t.ransverse" specimens were removed with three different orientations
relative to the grain structure as shown on the etched section. The specimen blanks,
5/16-inch square x 2 inches long, were reheat-treated to the -T6 temper. A sustained
stress of 35 ksi wea applied to the machined 0.125-inch diameter tension bars during
exposure to the 3-1/2 per cent sodium chloride alternate immersion test. spefimen P
Sparallel to metal flow) was intact after 180 days' exposure, whereas specimen D
450 to metal flow) stress-corrosion cracked after 70 days' exposure, and specimen N
normal to metal flow) after only 14 days. A dupplicate P specimen, exposed while under

a strees of 60 ksi, also was intact after 180 da~s' exposure.

Thus, from a square section, "transverse" specimens which might be expected to
exhibit a relatively low resistance to stress-corrosion cracking exhibited a wide
variation in resistance, including both short-t'.ansverse and longitudinal zpecimen
behavior. In some instances test specimens rem ved longitudinally from hand forgings
have exhibited a tendency for transverse specir?, behavior.

An example of how specimen location ,n an extrusion affected SCC test results
is shown in Figure 9. For the intermediate re iistance T76 temper the "transverse" grain
structure at the base of the outstanding leg kad higher resistance than the short-
transverse grain structure in the web. The ei fect of grain structure was not evident on
t,:: very high resistance T73 temper, nor on t'Ve relatively low resistance T6 temper.
The difference in performance for the T76 temper is attributed to difference in grain
structure, rather than to specimen type.

Effect of Size and Shape of Products to be Evaluated

An example of the marked effects that the configuration of a forging and the
directionality of the grain structure can have on the stress corrosion performance is
shown in Figure 10. The performance of the web-flange type die forging was relatively
poor because the short-transverse-parting plane flow was more severe than that in the
cylindrical forging; however, the grain structure of the latter was more critical than
that of the thick hand forgings. All of the forgings of the experimental alloy were of
similar composition and had been giver, the same nominal h -t treatment. It is possible
by the choice of appropriate thermal treatments to develop similar SCC performance in the
various products.

Conclusions

1. The introduction of new 7XX-type alloys and tempers with intermediate
resistance to SCC has posed new problems in performing SCC tests and evaluating the
results.

2. There is a need for refined test procedures and the adoption of uniform
practices for all investigators. Work in this direction already in progress umder the
sponsorship of ASTM and the Aluminum Association should be acculerated. In this area
there is a need for:

(a) Close control of the widely used 3.5% NaCl alternate immersion
test;

(b) Evaluation of other corrodents that do not cause severe pitting
of these alloys; and

(c) Determination of the possible effects of the use of specimens
of different types and sizes and of methods of loading.

3. To obtain valid compe. ±sons of the resistance to 5CC of alloys and tempers
it is essential that like products and configurations be tested by uniform procedures.
Standard products and methods of sampling should be adopted through the Aluminum
Association, ASTM and through U.S. Government agencies.

4. An improved rating system for classifying the relative resistance to SCC
of an alloy and temper is needed. This should be based upon standard products tested
by uniform procedures.
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TABLE ]a

VARIATIONS IN 3.5 % NoCI A. I. - - 16 LABORATORIES

I. ATMOSPHERE CONTROL
A. HUMIDITY CONTROLLED 3 LABS

NOT CONTROLLED I 3 LABS

B. AIR TEMPERATURED CONTROLLED I I LABS
NOT CONTROLLED 4 LABS

2. SALT SOLUTION MAKE-LIP
A,. DISTILLED WATER 6 LABS

DEIONIZED WATER 7 LABS

TAP WATER (METHOD 811 (200ppm SOLIDS) 3 LABS

B., ANAL., REAGENT NoCI 3 LABS
CHEM. PURE NaCl 7 LABS
COMM. PURE NaCl 5 LABS
SYN. SEAWATER I LAB

3. METHOD OF IMMERSION
FERRIS WHEEL
SAMPLES INTO SOLUTION IMMERSION I 3 LABS

P';MP SOLUTION I
PUMP SOLUTION INTO CELL 3 LABS

4. TEST SPECIMEN
TENSILE ROUND

1/8 INCH DIA. 8 LABS

>1/8 INCH DIA. 6 LABS

C-RINGS 6 LABS
OTHERS I LAB

(KAISER ALUMINUM AND CHEMICAL CORPORATION, T. J. SUMMERSON)
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NACE
TECHNICAL PRACTICES COMM.

GOVERNING BODY

T-I T-5
CORROSION CONTROL IN GROUP CORROSION PROBLEMS IN
PETROLEUM PRODUCTION COMMITTEES PROCESS INDUSTRIES

I
UNIT

COMMITrTEES
T-IF T-5E

METALLURGY OF OIL STRESS-CORROSION CRACKING
FIELD EQUIPMENT TASK GROUPS OF METALLIC MATERIALS

T-IF-9 --- STEEL
TESTING TECHNIQUES FOR

SULFIDE- CORRO&ON CRACKING

RECOMMENDEDIACE STANDARD - ALUMINUM

FOR EVALUATING MATERIALS
FOR SOUR SERVICE INFORMATIONAL

REPORTS

ORGANIZATION OF NACE TECHNICAL COMMITTEES
(PARTIAL)

FIGURE 1
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OF UNIT COMMITTEE

PRODUCERS
CONSUMERS k-1RVIE TADRGENERAL INTEREST PESE

I IUNRESOLVED NEGATIVE. ~NEGATIVE

BABLLOTS

APPROVAL TASK GROUP RESOLVESBALLOT OF MIN. 2/3 MEMBERS L 4 IHATO90% AFFIRMATIVEWTHATO

I
BALLOT BYC

GROUP COMMITTEE

PRACTICES COMMITTEE

STANDARD (RATIFIED BY NACE DIRECTORS)

PROCEDURE FOR APPROVAL OF PROPOSED NACE STANDARDS

FIGURE 2
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.,ieperirimosed on , ph otograph (IX) of a marrolt( hed tran sverse rct In of i sperea1 8 In x Sin X 241n

hand f rging of 7075-T6. fabricated %o as to pnodure a compliex grain flow, are the outlines of three

atres-corrosion specimen% along with their day,, to failure in tht' ,1 , NaCl alternate Irmerion

These sperimen', ,howed widely diffcrent ',tre,•,-reorro,'ion reistance, a, would be expected in view of

their orientation to the grain structure NoteworthY is the high ordei of retstanre of specimen (P)

(D.0. SPROWLS B R.H. BROWN, METAL PROGRESS VOL.81, NO.4(1962),P.PR79-85)

FIGURE 8
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SUNLUY

The European Federation of Corrosion Working Party on Stress CorrosJ 'n Test Methods has prepared
a review of this subject and the present paper is a precis of the major points in this review. It points
to soe of the problems associated with the various methods of testing, such as the e=tensive use of time
to failure as a parameter that measures susceptibility and the apparently poor reproducibility of KIS
values as reported in the literature. On the environmental side of testing, the dangers in the use of
tstardard' solutions are indicated and the nacessity, in simulating service failures, of precisely
reproducing the composition of the environment and the relevant electrode potential are shown.,



STRSS COMMIN TRET mETHODS - THE EUROPEAN

IEUTICI Or CORROSION CO(IRIDUTION

R.N. Parkins

The European Federation of Corrosion, which is an amalgam of the various corr sion societies of
Europe. set up, in 1969, a Working Party on Stress Corrosion Test Methods. This Working Party was set
two Immediate tasks, one Involving a cooperative testing programme to cumpare the results from different
test methods and the reproducibility of results from different laboratories, and the second to prepare a
critical essay on test methods in which the emphasis would be placed upon consideration of the factors
that can influence test results, rather than upon collecting together the details of test methods. The
first t sk is not yet completed, but the critical essay has almost reached its final form prior to its
simultaneous publication in English, French, German and Spanish. The present paper constitutes a precis
of the major points made in the more detailed article that is to be published in the summer of 1972.,

It may be reasonably assumed, from the fact that there are so many different stress corrosion
test methods currently in use, that there is no single method that is markedly superior to all others.
.'everthelese, some rationalization of the present situation appears desirable and it is as well to
remember in this context that, ideally, a test method should not be so severe that it leads to the con-
demnation of a material that would prove adequate for a particular service condition, or so trifling as
to permit the usage of a material in circumstances where rapid failure would ensue. Recognition of such
requirements has frequently led to the use of tests that closely sinuiate a practical situation, especially
in regard to the structure and composition of the material and usually in relation to environrantal aspects,
but less frequently in respect of the manner in which the stress has been generated in the test specimen.
For the convenience of discussion, the present article is divided into two main sections, the first
concerned with stressing systems and the second with environmental aspects of testing.

STRESSING SYSTEMS

Irrespective of whether the specimen is plain or contains a pre-crack at the start of the test,
the method of stressing the test piece involves either

(a) a constant total strain

(b) a constant load

or (c) a constant strain rate.

Insofar as the majority of stress corrosion failures are probably the resuit of the incorporation of
fabrication stresses into structures, tests employing a constant total strain are probably most frequently
the more realistic, Constant load tests may simulate more closely failure from applied or working stresses,
whilst tests Involving the application of a constant strain rate, although used relatively little in the
pest and apparently not very relevant to service failures, may well find considerable application in the
future.

Constant Total Strain Tests

These are by far the most popular type of test as a group, since bend tests, in a variety of
forms and usually employing simple, cheap, restraining jigs come into this category. The stiffness of
the restraining frame can be an important parameter in influencing the results obtained, not least because
the initial elastic strain in the specimen to converted in part, to plastic strain as the crack propagates.,
This is because the net section stress increases as a crack propagates until the yield stress is reached
when the crack yawns, frequently accompanied by the propagation of a LUders band and a resultant reduction
in the elastic strain and hence, in effect, the load. Once load relaxation hail been initiated the extent
to which it proceeds will depend upon the material being tested, the characteriistics of the restraliing
frame and even upon the number of cre.cks that the specimen has developed, Thua in a specimen that
develops a number of cracks, each of w',ich causes ,L ders band to be propagated, marked load relaxation
will be observed as compared with a st.ailar specimen in which only one or a few cracks are present. In
the latter case the stress corrosion crack will not need to grow to large dimenvions before sudden, fast
fracture occurs because the applied load remains high, whereas with the marked load relaxation asso:iated
with the presence of many stress corrosion cracks the latter must propagate much further before one of
them becomes large enough to create the stress conditions at a relatively small load for sudden fr,.ture.
Consequently a specimen that is more susceptible, in the sense that it develops more cracks, may ta).e a
longer time to fail than one that contains fewer cracks and is less susceptible, This indicates the
dangers in comparing stress corrosion susceptibilities in terms of timer to failure, especially when the
results are from different laboratories using restraining frames of varying stiffness.,

The point may be illustrated with some results of stress corrosion tests on a mild steel I mersed
in a boiling nitrate solution, in which cne time to failure was determined for a range of initial stresses
tFigure 1) using the same equipment for each test. If the effects of cold hork upon the cracking suiscep-
tibility are compared at 18 tons/sq.in. initiEl stress, then it would be concluded that cold working
increased the resistance of the steel to failure, whilst a comparison at 10 tons/sq.in. would lead ta a
very different conclusion, in terms of time to failure. It could be argued that neither of these izesults
is correct because the drawing would result in different yield strengths being developed in the thre!)
different conditions and that the results should be rationalized by making the comparison as a functon
of the respective yield strengths,. Here again, however, the order of susceptibility varies accordi'g
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Figure 1. The effects of different amounts of prior cold work on
S~the stress corrosion of a 0.07% C steel in boiling

to the rationalized stress at which the comparison is made, as the results shown below indicate.

Initial Stress Susceptibility of different cold worked conditions.

Most Intermediate Least

18 'Lai. 0% 10% 34%•
10 tot. 10% 34%

100• TS. 34% 10t 0%

30% YS. 10% 34% O%

Constant Load TestT

Since the effective cross section of a test piece reduces by crack propagation constant load

tests involve an Increasing stress situation, Consequently such tests are more likely to lead to early
failure or total failure than constant strain tests. The latter, because of the associated relaxation,
can produce cracks that eventually stop propagating and so total failure may not be observed., In fact,
cracks that coaie to propagate way also occur in constant load tests, probably an the result of creep

exhaustion where the latter in an important paramet.er in cracking,, If constant load tests are employed
In relation to text pieces of relatively large cross section they will involve the use of masuive loads
or lover systems,. This is sometimes avoided by reducing the size of the specimen, possibly to very fine
wires. The latter is dangerous unless failure by stress corrosion cracking it confirmed by, say, metal-

lographyp since failure may result from simple pitting and an attendant Increase in the effective stress
to the U.T.S. in so1e stress corrosion environments3

Constant Strain Rate Tests

Such tests have not ai yet had extensive application, possibly because it may be thought that
the pulling of specimens to failun at a slow strain rate shows little relation to the reality of service
failures. In point of fact in constant total strai. and constant load tests, crack propagation elso
occurs ounder conditions of slow dynamic strain to a greater or less extent depending upon the initial
value of stres in relatiop to the effective yield stress of the test piece. There are some additional
features associated with conimtant strain rate tests that in the future may lead to their more extensive
use in routin tot t p esoing. Thuie they are a relatively on evere theeyt in the sense that
they frequently pl ote stress corrosion failure in the labtorory where other tests on plain specimens
do not promote cracking, and in this sense they are in a similar category to tests on pre-crtcked specimenss
Coreover, nonntant strain rate tests are positive in that they invariably produce fracture, etther by stress
torrosion or some other mechanism and this in a relatively short plrlod of timeo Since the results from
fist stress corrosion tests are simply used tor cosparative purposes, the dat, they provide having little
absoluts uignifccance, there is clearly sometimen merit in having a flsrt of test that is severe, positive
and rapid, stecally for purposes of initial sortingr

The most important feature of constant strain rate tetts iu concerned with the partecular value
of the strain rate emtployed. t Clearly if this in too high ductile fracture will ensue before the neces-
sary reactions can take place, consequently rhiatelatively low strain rates, usually in the region of o-6sc1,
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need to be employed. It is possible in sgoe cases however for the strain rate to be too low. Thus, if
the eaviromment Is cme tha. produces filming of the metal surface, and probably almost every stiess corro-
sion environment coUm into this category, then at very slow strain rates film repair my be fast enough
to keep pace with the rate at which bare metal In formed so that the cracking reaction is not sustained.
Figure 2 illustrates this point schematically and suggests that the most appropriate strain rate for
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strain rate s.

Figure 2. Schematic illustration of the effect of strain rate upon
stress corrosion susceptibility in a filming environment.

proda•cing stress corrosion cracking will vary from system to system and should be determined for each
case.,

The usual means of indicating whether or not stress corrosion cracking has occurred in a static
test is the time to failure, whereas such a parameter would not appear, at least at first sight, to be
appropriate in the case of constant strain rate tests. Netallographic examination can confirm whether or
not stress corrosion cracking has occurred during a constant strain rate test, although this does not
usually lead to a quantifiable result for purposes of comparison. The more obvious qumtitative measures
of stress corrosion susceptibility in a constant strain rate test are ductility parameters, such as per-
cent reduction in area or elongation, the maximum load achieved or the area under the stress-strain curve,
all of which will be reduced from the values observed with ductile failure when stress corrosion cracks
are present., In fact the time to failure in a constant strain rate test also may be used in comparing
cracking tendencies, since the lesser the intensity of stress corrosion cracking the greater will be the
ductility to fracture and, therefore, the greater the time to fracture at a constant strain rate.

Pre-Cracked Test Pieces

The developments in fracture mechanics in the last decade have resulted In the evolution of
a whole new field of stress corrosion testing involving the use of specimens containing a sharp pre-crack,
usually produced from a notch by subjecting the specimen to fatigue. It frequently has been claimed of
pre-cracked specimens that they circumvent the initiation stage of cracking in plain specimens, erroneously
assumed invariably to be related to the creation of a corrosion pit that eventually leads to cracking and
failure., Whilst the initiation of stress corrosion cracking may be different in plain and pre-cracked
specimens, because of their differing geometries promoting different stress distributions, it is extremely
doubtful if initiation is circumvented with pre-cracked specimens because the initiation of stress corro-
sion cracks in many cases involves the establishment of a localized electrochemical condition within the
confines of a geometrical discontinuity. What may be more disturbing in this context is the possibility
that in some instances the mechanism of cracking may be changed when a stress corrosion crack is initiated
from the tip of a fatigue crack rather than at a plain surface, TVis, instaaces are known of materials
failing by intergranular cracking, and possibly therefore resultii "rom an active path mechanism, when
tested as plain specimens but failing in a transgranular mode, ana refore possibly by a different
mechanism, when the crack is propagated from a sharp discontinuity., To argue as to which type of test
is correct in the light of such results is invidious, but such differences have inevitably led to queries
as to whether the sane phenomena are occurring in the different tests. However, in most cases it appears
reasonable to assume zhat the difference between the two types of test will be minimal, not least because
once a crack initiated in a plain specimen has reached an appropriate size the test has obvious similarities
to one involving the use of a pre-cracked specimen, i.e. the concepts of fracture mechanics are applicable
to an ini•ially plain specimen.,

There are presently two major problems associated with the use of pre-cracked specimens in
stress corrosion testing, one concerned with specimen dimensions and the other with the reproducibility
of results. In order to achieve the plane strain conditions that must obtain if elastic stress L alysis
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Is to be applicable, the specimen size for highly ductile materials is Impracticably large. Since It is
probable that most service stress corrosion failures occur in highly ductile materials in relatively thin
sections It is clear that fracture mechanics, as currently developed, is not applicable In many instances.

Whre the data from pre-cracked specimen tests is used for design purposes, e.g. in defining
the maximum permissible crack si"s for non-propagatlon, it is necessary to recognise that fracture tough-
ness properties are not so reproducible as those parameters, yield stress and ultimate tensile stress,
that engineers are more familiar with In design calculations. Thus, the variability between different
heats of nominally the same composition and beat treatment determined In the same laboratory, or between
results available In the literature from different laboratories, can be alarmingly large. For 18% Ni
maraging steel heat treated to a nominal yield stress of 250 ksi and tested In 3-3.5% NaCl solution
1IS4XM values reported in the literature wry from 10 to 50 ksa Win-, whereas the yield or ulttmate tensile
stress would not be likely to va.y by more than a few per cent. Whether such variations in KISOC are due
to Inherent differences becween heats of nominalty the same material or are the result of small differences
In technique between different laboratories is not known.

ENVIRO(1ITAL ASPECTS OF TESTING

Whilst it Is inevitable that the environment will always remain as one oi the variables that
may need to be assessed by stress corrosion tests, nevertheless certain solutions, by their widespread
use over many years, have tended to become 'standard test solutions' for certain types of alloy, e.g.
MgCI 2 for austenitic steels, 3.5% NaCI for aluminium alloys and nitrates for ferritic steels. Whilst
the preparation of nominally identical solutions in different laboratories would not be expected to lead
to differences in the solutions that would markedly influence stress corrosion test results, this is not
invariably so. Thus, variations in the boiling points of M9IC2 solutions may result from the preparation
of solutions from salts that have picked-up different amounts of moisture, 3.5% NMaC may contain different
amounts of oxygen and boiling nitrate solutions may acquire widely differing pH values, all of which may
influence the results from stress corrosion tests. Even where the use of 'standard' solutions does not
raise such problems, there are other situations where their use Is questionable. Thus, they are some-
times uned to indicate the relative susceptibilities of a range of alloys or heat treatments and the
assumption made that this orter will remain tho same in other environments. Such practice may sometimes
be permissible, but in other cases the re3ults moy be very different from those expected. For example,
the addition of about 0.5% Al to a carbon steel will considerably increase its resistance to cracking in
nitrate solution but in higher pH environments, such as strong NaCH solutions, the Al addition has virtually
no effect.

Electrochemical Aspects of Testing

The electrochemical nature of the reactions involved in stress corrosion cracking permit the
cracking to be influenced by the application of current or potential from an external source. The usual
reason for impressing current upon stress corrosion test specimens, where data collecting is the objective,
Is to reduce the time to failure and there is no reason why such a method should not be used providing
adequate care is taken to ensure that the mechanism of failure is not changed from that which operates at
the free corrosion potential and that the data, correlates well with service experience.ý It should not be
assumed that if a galvanostatic technique is used the effect will simply be to influence the kinetics of
cracking, since the applied current is also likely to alter the potential and this could promote a differ-
ent response.,

The effect of potential upon cracking response will vary from one system to another, but some
aspects of this part of stress corrosion testing may be conveniently discussed in relation to the cracking
of carbon steels. These materials fail in different ranges of potential according to the environment in
which they arv ir~ersed, Figure 3 showing the (racking ranges for a mild steel in hydroxide, carbonate and
nitrate solutions respectively. The tests used in determining the results shown in Figure 3 involved
potentiost-atic control whilst the specimen was subjected to a constant slow strain rate and the times to
failure in such tests have been normalized by dividi g by the time to failure in oil at the same strain
rate and at the appropriate temperatures for each Fojution. The freecorrosion potentials for this steel
in these three different environments are also iadict,ted or Figure 3 and show that whilst failure could
occur in the nitrate at the free corrosion potential, this would not be so in the hydroxide or carbonate
solutions. This does not mean that carbon steels will never fail by stress corrop'ion cracking in these
latter two environments at the free corrosion potential, ,ut simply that this particular steel in the
particular solutions used in these experiments did not fall at the free corrosion potential. The latter
is, of course, dependent upon the composition of the steel and, more markedly so, upon the composition
of the environment, It is possible therefore that as the result of, say, small additions to the environ-
ment, added intentionally or present as impurities, or of chantges in the composition of the steel, the
corrosion potential can be caused to lie within the cracking range so resulting in stress corrNsion without
applied potential. It is apparent from Figure 3 that relatively small changes in potential, not exceeding
about 100 nV, may produce a marked change in cracking response. This points to the necessity, especially
in laboratory tests attempting to simulate a service failure, of reproducing the environmental conditions
with precision and especially so the relevant potential.
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Figure 3. Stress corrosion susceptibility of low carbon steel in
constant strain rate tests in various environments at

different potentials.

CONCLUSION

Various other aspects of stress corrosion testing, such as the effec'. of surface finish a,,d
exposed area, the design of test cells and experimental details concerned with Zhe initiation of tests,
are dealt with in some detail in the fuller paper of the European Federation We.xing Party and which
space restrictions have prevented mention of herein. Whilst these points, together with those mentioned
in the present paper, serve to" indicate the complexities and potential pitfalls in stress corrosion testing,

they also point to the need for some rationalization in the field of stress corrosion test methods,. And

yet there in a case for some diversity in "relation to simulation of service conditions, since stress corro-
sIon failures in service do initiate at plain surfaces, and frequently without pitting, as indeed they do
at geometrical discontinuities, whother the latter be cracks or other defects or Intentional features of
design. It is necessary constantly to rvmember that in the final analysis laboratory tests must relate
to service experience, pointing to the cm.tinuing necessity for simulative tests.•
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SIUtMMARY

in this paper, the need for recognizing certain potentially serious problems in the development of standard
test methods for stress corrosion cracking studies Is discussed. The importance of recognizing and satisfying the
basic asmimptions of the linear-elastic fracture mechanics analysis In experimentatior is re-emphasized. The
effects of nonsteady-state crack growth, including incubation, must be taken into account in determining the crack
growth kinetics. These effects and the influences of steady-state crack growth kinetics, as well as, a host of geo-
metrical, material and environmental variables, must be considered In arriving at suitable criteria for KIscc deter-
minations.

LIST OF SYMBOtS

a crack length
da/dt rate of crack growth

K crack-tip stress-Intensity factor
KI crack-tip stress-intensity factor for the opening mode

Kic plane-straLn fracture toughness
Kii initial value of KI

Kiscc apparent threshold KI for strees corrosion cracking
t time

tF tnie-to-failure or life
tiNC incubation time

tSC time for crack growth
T temperature

W specimen width
Y(a/W) a geometrical parameter

0 nominal applied stress or gross-section stress

APPENDIX

ASTM COMMITTEE E-24 ON FRACTURE TESTING OF METALS

ASTM Committee E-24 on Fracture Testing of Metals Is one of the standing committees of the American Soci-
ety for Testing and Materials. The scope of the Committee is as follows:,

To pro rote knowledge and advancement in the field of fracture testing by:,

(a) Promoting research and development on methods for appraisal of the fracture resistance of

metalp.

(b) Developing recommended practices, methods of test, definitions, and nomenclature for
fracture testing of metals, exclusive of fatigue testing.

(c) Sponsoring technical meetings and symposia independently or In cooL-rtlon with ".',er
organizations.

(d) Coordinating the committee act' 'ities with those of other relevant AdTM committees and
other organizations.

It is organized inte six Subcommittees and one Task Group as shown in the accompanying orgarlzational chart. Three
of the Subcommittees (E-24. 01, E-24. 03 and E-2,*. 04) are primarily responsible for test methods development.
E-24. 02 and E-24. 06 serve In an advisory capacity relating to metallurgical and design aspects of fracture and sub-
critical-crack growth. E-24. 05 Is concerned with nomenclature and definition of terms used in fracture testing.
The Fracture Mechanics Ta"k Group provides, support in the theoretical aspects of fracture mechanics.

ORGANIZATIONAL CHART

SMain
Committee

'Executive"-3_ Eracture Mechanics

Committee Task Group

E 7 1 E-24.03 E-24.•05
1Fracture Mechanics Dynamic No. -lenclature and

L Test Methods T esting '1L .)efinitions I

E-24. 02 E -24. 04 E-24. 06
Fractography Subcrtcal- App cations
& Associated Crack Growth

Microstructures



SOME IMPORTANT CONSIDERATIONS IN THE DEVEWPMENT
OF STRESS CORROSION CRACKING FEST METHODS

R. P. Wei, S. R. Novak, and D. P. Williams

INTRODUCTION

The application of linear elastic fracture mechanics analyses to the study of stress corrosion cracking and
other suberitical-crack growth problems has undergone corslderablc development during the past ten years and has
met with considerable success. Members of both ASTM Committee E-24 on Fracture Testing of Metals and ASTM
Committee G-1 on Corrosion of Metals have participated actively in the development and use of fracture mechanics
In stress corrosion cracking studies (more generally, suberitical-crack growth studies) In the United States, through
their respective subcommittees and task groups. Justification for the use of KI (the crack-tip stress-intensity factor
for opening mode) to characterize the mechanical crack driving force in stress corrosion cracking has been reviewed
"by Johnson amd Paris [1] and by Wel [2]. Further experimental verification has been provided by the recent results
of Smith et al [3] and ID yak and Rolfe [4]. With the increasing acceptance of the f,2..fure mechanics approach, and
the attendant proliferation of new test methodology and terminology, It has bwc.,me necessary and desirable to
establish test standards, as early as possible, for the orderly development of thin important field. ASTM Committees
G-1.06 and E-24. 04 have jointly undertaken this task for developing fracture mechanics based test methods. Like
all other ASTM committees, Committee E-2. functions through the interest and voluntary efforts of its individual and
corporate members. The organizational structure and scope of ASTM Committee E-24 and of its various subcom-
mittees are summarized in the Appendix. In developing these recommended test methods, it is worthwhile to re-
examine the basic assumptions of the analyses and the various other problems associated with stress corrosion
testing to ensure proper development and utilization of test methods and correct interpretation of test results.

Experimental measurements of stress corrosion cracking susceptibility using precracked specimens follow
essentially two related approaches. The choice of a particular approach is determined in part by tradition and moti-
vation and In part by practical considerations of experimentation and cost. The simpler and more commonly used
approach involves the measurement ok the time-to-fallure, tF, (or, life) for precracked specimens under different
applied loads, and the determination of a so-called threshold KI (designated as Kisco) below which, presumably, no
failure can occur as a result of stress corrosion cracking [4,51. The level of KIscc in relation to Klc, the plane-
strain fracture toughness of a material, gives a measure of its stress corrosion cracking susceptibility, gnd is often
used in material selection and design (1]. This approach is akin to that utilized in conventional stress corrosion
testing with smooth or mildly notched specimens, and is widely used in engineering and scientific research at the
present time. The other approach is somewhat more complex and involves the determination of the crack growth
kinetics, that Is, measurements of the rate of crack growth, da/dt, as a function of the mechanical crack-driving-
force, characterized by KI, under controlled test conditions. This approach requires greater effort and more
sophisticated instrumentation. It promises, however, to provide more useful information for quantitative design
and life estimation, and for understandlng the basic mechanisms for stress corrosion cracking. The kinetic
approach has begun to receive greater attention In recent years, and has been of primary interest ut the members of
Committee E-24.04.

Experiences acquired during recent studies of the crack growth kinetics suggest that there are several pro-
blems which can affect bot'i the determination of crack growth kinetics and that of Klsco. These problems must be
taken into consideration i: developing standard methods of test for stress corrosion cracking. A brief review of
these problems is made. The implication of these problems in terms of suggested criteria for Kiscc determination
and In terms of the Kiscc concept itself are discuseed. Possible methods for circumventing these problems are
considered. Since the test methods are based on linear elastic fracture mechanics, it is appropriate to review
briefly the essential assumptions of this approach. The basic test methods are also indicated.

ANALYTICAL FRACTURE MECHANICS CONSIDERATIONS

Since crack growth and stress corrosion attack would be expected to occur in the highly stressed region at the
crack-tip, the stress (or, strain) distribution in this region is of primary importance. It has been shown that the
crack-tip stress and displacement fields for an isotropic elastic body can be characterized in terms of a single para-
meter K, the crack-tip stress-intensity factor, which governs the InU nstty or magnitude of the local stresses at
the crack-tip [6-8]. The crack-tip stress-intensity factor K depends o the type of loading and on the configuration of
the body, including the size and shape of the crack. K factors for many different loading conditions and body config-
urations, and numerical solutions for K factors of practical test specimens have been well documented in the litera-
ture [7,9,10]. For engineering materials, aone plastic deformation will occur in a region near the crack-tip. If
the zone of plastic deformation Is small in comparison with the crack size and with other planar dimensions of the
body, the stress distribution in the large will not be seriously disturbed. The elasticity solutions will then represent
a reasorable approximation of the stress and displacement fields near the crack-tip. Since the small zone of plas-

tically '.eformed material at the crack-tip is contained within the surrounding elastic material, it is reasonable to

expect that the behavior in this region would be governed by the 'urrounding elastic material and, thus, be charac-
terized by the crack-tip streas- intensity factor K. Hence, it seems most appropriate to use the crack-tip stress-
intensity factor K to characterize the mechanical crack-driving-force. For stress corrosion cracking studies, the

stress-intensity factor for the opening-mode (mode I) of crack growth, KI, is generally used, since the opening-
mode predominates in sires 3 corrosion crackiLg [2, 6, 7].
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The use of the crack-tip stress-intensity factor KI, defined by linear elasticity, to characterize the mechani-
cal crack driving force is predicated, therefore, on the assumption of limited plasticity. The applicability of this
approach to stress corroslon cracking and other fracture studies will depend on the expe,-mental fulfillment of this
fundamental assumption. Specimen size requirements based on this assumption have been discussed by Brown and
Srawley [9j and by Wel i2]. Specific requirements pertaining to valid determinations of Klcc and the influence of

specimen size on the apparent Kiscc are discussed In detail by Novak in a separate paper [11). These requirements
and specimen size effects must be clearly understood before meaningful standard test procedures can be developed.

BASIC TEST METHODS

Various types of specimens and methods of loading can be used to determine the stress corrosion cracking
properties bf materials. The fracture mechanics based specimens may be broadly separated Into three groups:

1. Constant load, Increasing KI specimens
2. Constant displacement, decreasing KI specimens
3. Constau:t KI specimens.

The first group of specimens is exemplified by the cantilever-bend specimens; the second, by the bolt-loaded WOL
specimens; and the third, by tapered DCB specimens subjected to constant applied load., Of course, by judicious
placement of loads and choice of loading conditions, Increasing or decreasing KI conditions may be obtained on any
of these specimen groups. Specimens of the first and second groups have been commonly used for kinetic studies
and/or KIscc determinations. Problems associated with the use of these types of specimens will be discussed below.

KINETICS OF CRACK GROWTH AND LIFE (TIME-TO-FAILURE)

In studying crack growth under stress corrosion conditions, it has been generally assumed that there is a
one-to-one correspondence between the rate of crack growth and the mechanical crack driving force characterized by
KI. This correspondence certainly exists for the case of steady-state crack growth, and must be true if KI Is to be a
proper representation of the crack driving force. 111ý correspondence, however, does not preclude the occurrence
of a number of non-steady-state phenomena. Close examination of the crack growth process shows that crack
growth occurs in six stages:,

1. Crack growth on rising load
2. Initial transient crack growth
3. Incubation period*
4. Crack acceleration
5. Steady-state crack growth
6. Onset to failure or crack growth instability.

The occurrence of crack extension on loading, followed by transient growth, has been observed by Ll et al. [121,
Barsom (131, and Landes and Wei [141. This behavior is illustrated schematically In Figure 1. Following the initial
transient growth, the crack appears to stop growing, or enter an Incubation period, before accelerating again to some
steady-state rate of growth appropriate to the prevailing KI. Landes and Wei showed that this nonsteady-state growth
period is a function of KI and of the test temperature, Figures 2 and 3 [141, The Incubation period and the period of
accelerating crack growth, leading to steady-state growth are illustrated more clearly by the recent results of Hudak
and Wet [15), Figure 4. ** The existence of an incubation period for precracked specimens has been demonstrated
by Benjamin and Steigerwald [161 on AISI 4340 steel tested in water. These authors showed that the incubation period
is affected by prior history [161. The strong dependence of the incubation period on KI is shown by the recent results
of Novak [171 for a highly alloyed 180 kai yield-strength steel tested in synthetic sea water (ASTM Designation D-1141-
52) at room temperature, Table I. These results show that the incubation period can be quite long in certain alloy-
environment systems. TABLE I

Influence of KI on incubation Time

CONSTANT-DISPLACEMENT WOL SPECIMENS
(Decreasing KI)

Extent of Crack Growth (inch) after
K11 (ksl vrin) 300 ora 7'n"zr 1400 rI 2200 ohra 3500 hrs 5000 bra

- I

180 ND 0.35 0.76 1.00 1.12 ---

150 ND ND ND 0.28 0.52 0.61

120 ND ND ND ND 0.03 0.045

90 ND ND ND ND ND 0.045

ND - No Detectable Growth

incubation period is defined as that period during which the rate of crack growth is much less than 10- 6 Inch per
minute.

* Crack growth was monitored by a displacement gage. The oscillatory nature of the steady-state growth rate
shown In Fig. 4 is principally an artifact introduced by changes in displacement that result from oscillations in
the dead-weight loading device.
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Figure 1:, Schematic Illustration of Sustained-Load Crack Growth Behavior [14]
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Figure 2: Kinetics of Sustained-Load Crack Growth Showing the Effect of Initial KI (14]
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Figure 3., The Influence of Nil and Test Temperature on the Period
of Noa-Ste ady- State Crack Growth [ 141
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Figure 4:, Sustained-Load Crack Growth under Constant KI ShowLIg Incubation,
Crack Acceleration and Steady-State Stages of Crack Growth 115].

Typical steady-state crack growth response as a - ,ctlon of KI Is illustrated by the results of Williams [181,
Figure 5, and is also shown schematically in Figure 6a. Steady-state crack growth kinetics may be divided into
three regions. Region I Is highly deperdent on KE, and may reflect crack acceleration for certain types of tests.

I i I I
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Figure 5:, Typical Steady-State Crack Growth Kinetics [181

Regior' II is nearly independent of K1 and represents a range where crack growth is limited by the embrittling chemi-.

cal process. In region Ill, crack growth ipproaches the condition for unstable growth. For high strength materials,

under conditions approximating plane-strain, the condition for the onset of unstable growth is defined by 1<1 = Kic,

where Kic is the plane-strain fracture toughness of the material.

The life of a specimen is a function of both the incubation and crack growth processes. A typical time-to-

failure (life) versus Kii curve for a constant-load, increasing K specimen is illustrated schematically In Figure 6b,

where K1i denotes the initial applied stress-inte.isity factor.. The time-to-failure (tF) is composed of an incubation

period (tI~c) and a period of slow crack growth (tSC).

tF = tiNC • tSC~ (1)

The incubation time is a function of K1 and of prior history [15-17]. The period .•or slow crack growth depends on the

specimen configuration, type of loading and the details of the crack growth kir tics [2, 181. The time-to-failure is

related inversely to the rate of crack growth, Figure 6, and may be estima~cd .rom the kinetic data. The general

form of the crack growth kinetics may be expressed as foil Jws



da G (KI, KnI, T, and other material (2)

d't = environment and test variables)

where T Is the test temperature. The Inclusion of Kli, the initial stress-Intensity faetor, reflects the recognition
that a steady-state rate of crack growth may not be established Immediately on loading. Thue, da/dt can be depen-
dent on time for a given Ki. For steady-state crack growih, da/dt becomes simply a function of KI and of variables
other than Ki, and is, therefore, independent of time.

datd= F (KI, T ...... .) (3)

(a) (b)

A-FAILURE

TIME (F)

I I CRACKK

•1WTH

F~gur 6:!INCUSATIDN

I I ~~TIME UBA'XK t)

-- K, --- •.- KX -•-

Figure 6: Schematic Representations of the Crack Growth Kinetics
and Time-to-Failure under Sustained Loads

Under the assumption of steady-state crack growth, the time-to-failure for a typical test specimen may be obtained
by direct Integration, when the applied load and all of the other variables are maintained constant. For constant load
tests:.

dKI = dK Ida = dK1 F (4)

dt da dt da

Since, for the steady-state case, the rate of crack growth is time independent Equation 4 may be integrated directly.
Separation of variables and integration gives the time-to-failure as:.

+fF KIcrdl "1-

tF = tIC tF dt = tiNc + . F I dKI (5)
1JK 1 1  da J

tFtIC tINC Kit

The incubation time tiNC is a function of KII, the initial stress-intensity factor. Kic Is the plane-strain fracture
toughness of the material. The stress-intensity factor KI can be expressed in the form [9]:,

i a
KI = ra Y V() (6)

where 0T= the nominal applied stress, a = the crack length, Y a parameter representing the crack and speci-
men geometries, and W = the specimen width, inspection of Equations (5) and (6) indicates that the time-to-failure
will depend on the specimen geometry and size. For example, the time-to-failure for geometrically similar speci-
mens loaded to Identical KII levels are expected to be different. Similarly, specimens with different initial crack
sizes, loaded to the same initial K11 , will produce different lives. Typical time-to-failure curveE computed on the
basis of crack growth kinetics and assumed crack geometries are shown in Figures 7 and 8 [18].. Even though the
incubation time and non-steady-state crack growth were neglected in these calculations, the essential features of the
tF versus K1i curves are reproduc2d. It is clearly seen that the time-to-failure Is related to the crack growth
kinetics, and that it is dependent on geometry and ivuirc.-merfl vonditions.

IMPLICATIONS FOR STRESS CORROSION CRACKING STUDIES

in the foregoing discussion, it has been shown that the steady-state rate of stress corrosion I, ack gr'owth is
uniquely related to the crack driving force, with other conditions being constant. The mechanical component of the
crack driving force may be characterized, under the assumption of limited plasticity, by the crack-tip stress-intensity
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Figure 7:: Computed Time-to-Failure Curves (Excluding incubation Time)
Showing the Influence of Test Temperature [18].
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Figure 8:. Computed Time-to-Failure Curves (Excluding incubation Time) Show.;ing
the Effect of Gross-Section Strc ;s or Initial Crack Size [18]..

factor, KI, defined by linear elastic fracture mechanics. The kinetic Information can be quite useful in making quanti-
tative estimates of the zervice lives of structural components, provided that the incubation time and the period of non-

steady-state crack growth can be handled in some satisfactory way. The existence of an incubation period and non-
steady-state crack growth presents serious practical problems in the determination and utilization of crack growth
kinetics. Figures 2 and 4 show that the incubation phenomenon and non-steady-state crack growth can lead to an under-
estimation of the steady-state rate of crack growth, with a consequent over-estimation of the safe operating life.

The incubation phenomenon and the crack growth kinetics (for both the steady-state and non-steady-state cases)
can affect the evaluation and use of the so-called threshold stress-intensity factor for stress corrosion cracking,

Th



Kisco, as well. Kinetic data are sometimes used for estimating Kl.cu. If the apparent rapid decrease in te. rate of
crack growth shown In Figure 2 Is Interpreted as an approach to the threshold Ki i-vel, erroneously high estimates of
Kjsee would result. The estimated value of KLvc would appear to depend on the starting KI level (KIL) used In testing.
For the usual stress corrosion cracking (life) tests, some type of criteria Is normally used to terminate the test and
to deflne an estimated value of KIsce. Usually, Kjecc Is de.•ned as that KI level at which "no failure- or "no observ-
able crack growth" has occurred after some prescribed period of time. Since It has been shown through considera-
tion of the crack growth kinetics that the time-to-fallure is quite dependent on the loading condition, specimen size
and geometry, and environmental conditions, such criteria can lead to serious errors in the estimation of Klecc.
The problem is compounded by the existence of Incubation. The combined effects of incubation and crack growth
kinetics on the apparent Klacc obtained from constant load, cantilever bend tests of another 180 ksl yield strength,
high alloy steel In synthetic sea water at room temperature, are shown In Table 2. It is seen that by Increasing the
cut-off !me from 100 hours to 10, 000 hours (or; from approximately 4 days to over one year), the apparent Kjsec is
decreased from 170 iel Ain. to 25 ksi Aln. (17]. Thus, substantial error can be introduced by using short-time test
data in design. Because the apparent Kiscc are so dependent on test procedures and conditions, its practical utility
must be carefully ro-evaluated.

TABLE II

Influence of Cut-Off Time on Apparent Klc

CONSTANT-LOAD CANTILEVER BEND SPECIMENS
(Increasing KI)

ELAPSED TIME APPARENT Klscc
(hours) (ksl Vln)

100 170
1,000 11-5

10,000 25

In developirg test specifications, one must be certain that the incubation period and thp non-steady-state crack
growth processes are reduced or eliminated in experimentation, and/or taken into proper consideration in data reduc-
tion and Interpretation. The Influence of the kineti's of steady-state crack growth should also be considered. For
kinetic studies, constant K specimens may be used. The testing time at each KI level, however, must be sufficiently
long to ensure the establishment of steady-state cond.tions. The incubation time at low K, levels may be too long to
justify the use of thi.s test method. Since the incubatlci time Is expected to be much shorter at high KI levels, Table I,
the use of a constant displacement, decreasing K speciL'en may be more attractive. Experience with this type of
specimen for kinetic studies is limited a this time. Fur, her development will be required. For Kiscc determinations,
this type of specimen has beeo used and offers definite adi intages. By starting at high KI levels, it is expected that
the long Incubation timeo can be avoided. Schematic repre&ntation of typical test results from such tests Is illus-
trated In Figure 9. Consideration of the proper cut-off time must still be established. Design of specimen must be
such that the decrease in KI with crack prolongation is not too rapid. A rapid decrease may produce delays in crack
growth or exhibit the pre-stressing effect reported by Carter [i:2. with consequent over-estimation in Kiscc.

FOR DECREASING K SPECIMENS

INCUBATION TIME (tinc}
LOCUS

0

-

Kiscc K
1

.
1  

K11  Ki KI,
-- - - - ---- 4

Figure 9: Schematic Representation of Typical Stress Corrosion
Cracking Behiavior in a Decreasing K Test
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SUMMARY

In this paper, the need for recognizing certain potentially serious problems In the development of standard
test methods for stress corrosion cracking studies is discussed. To obtain valid data from fracture mechanics based
test methods, the basic assumptions of the llnear-elastic fracture mechanics analyses must be clearly recognized
ani satisfied In experimentation. The effects of incubation and non-steady-state cr%.ck growth must be taken Into
account In determin the crack growth kinetics. These effects and the Influencei. of steady-state crack growth
kinetics, as well as, a host of geometrical, material and environmental variables, must be considered In arriving
at suitable criteria for KlIcc determinations.
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SYNOPSIS

A preliminary anb.ysis is presented of the initial results of the Collaborative
Testing Pro.ramme of the Stress Corrosion Cracking (Fracture Mechanics) Working Group of
the BSC Corporate Laboratories. In this analysis the results are interpreted in terms of
the influences of specimen geometry, maximum fatigue pre-cracking stress intensity, test
temperature and laboratorj error. It is concluded that the only significant errors can
be attributed to differenceG in the cilibration and accuracy of testing equipment between
the participating laboratories and to failure to adhere to the recommended testing
procedure which is found to be satisfactory for the materitnl and environment which were
used.
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CUIBDT PROGRESS IM THE COLLABORATIVE TESTING PROGRAM OF THE
STRESS CORROSICO CRACKING (FRACTURE MECHANICS) WORKING GROUP

A. E. Priest and P. McIntyre

DrTROD9CTIG1N

The Stress Corrosion Cracking (Fracture Mechanics) Working Group of the British Steel Corporation,
Corporate Laboratories was originally formed in October, 1969 by members of the Fracture Mechanics (High
Strengh Steels) Working Group who were interested in the application of fracture mechanica to the study
of stress corrosion cracking.

The present structure of the Working Groups in the field of fracture mechanics is illustrated in
Figure 1.

Thirty members representing twenty-seven organisations are named in the constitution list of the
Stress Corrosion Cracking (Fracture Mechanics) Working Group whose chairman is Mr. J. E. Truman of the
Brown-Firth Res-arch Laboratories.

At the first meeting of the Working Group the following terms of reference were agreed:

"To collaborate in the collection and presentation of data on the stress corrosion cracking of metallic mat-
erials. To provide a for-am for exchange of views on testing techniques, and interpretation and application of
data. To carry out supporting studies with the emphasis on crack growth, and to recommend preferred testing
techniques".

The first activity of the Working Group was to conduct a survey of the involvement of members in
the field of stress corrosion testing and of their present testing techniques. This survey was reviewed at
the second meeting of the Working Group and it revealed that, although several laboratories were committed to
the conventional testing of uncracked specimens, the majority were either alreadj equipped or were prepared
to equip for the stress corrosion testing of pre-cracked test pieces.

It was decided that the interests of the Working Group would be best served by a collaborative test
programme with regard to the eventual standardisation of fracture mechanics stress corrosion testing pro-
cedures. The purpose of the present paper is to review the progress that has been made with the preliminary
stage of this collaborative programme - the determination of KISCC for 300M steel.

MATERIAL AND EXPERIMENTAL TECHNIQUES

The material and experimental techniques to be used in the collaborative programme were discussed
at the next meeting of the Working Gro-p.

It was decided that a material possessing a reasonably high KISCC value and freedom from crack
brinching should be used. For these reasons 300M steel was selected for the programme. Supply of this
material and its heat treatment were kindly undertaken by Brown-Firth Laboratories. Details of the analysis
and heat treatment are given in Tables 1 and 2. It was decided that for the initial investigation the
experimental tichniques to be used should not be specified too rigidly - if necessary more rigorous control
could be introduced into subsequent test programmes. The choice of specimen geometry was, therefore, left
open to each participant so that existing test facilities could be used wherever possible. A solution of
3.5% be weight of analar quality sodium chloride in de-ionised water was recommended for the environment, to
be either drip fed on to the specimen or contained in a stirred bath surrounding the specimen. In labora-
tories where de-ionised water was unavailable, distilled water was to be used. Since it had been observed for
some steels that the subsequent stress corrosion behaviour depended on whether or not pre-cracking was con-
ducted i.L air or in salt solution it was specified that sodium chloride solution should be introduced durmig
the fatigue operation and testing commenced immediately afterwards. In those laboratories without fatigue
facilities where specimens were to be pre-cracked in batches elsewhere it was suggested that the specimens
should be both fatigued and then stored in the presence of acetone which, like salt solution, eliminates the
long incubation periods often observed with specimens which have been pre-cracked in air.

Other specified experimental details were that the environment should be introduced before load
application which should be made in as smooth a manner as possible. It was requested that records should be
kept o: times to failure, test temperature, maximum fatigue load (which was to be kept as low as possible,
and prelerably below 20 ks4/1.), crack branching - where this occurred, and, whexe possible, incubation
periods and crack growth rates.

In order to determine KISCC accurately and with the minimum amount of material this was to be pro-
vided in the form of 1.375 in. by 0.625 in. bar - sufficient for I in. thick specimens, and use was to be
made of a binary search technique for KSC measurement. The binary search procedure which is schematically

illustrated in Figure 2, enables KISCC ISOge determined, at least in theory, to witnin 1/64 of KIC from only
seven specimens. The first specimen is used to determine KIC using the same test rig as for subsequent stress
corrosion tests, the initial stress intensities for which are expressed as fractions of KIC beginning with
J KIC and subsequently depending on whether or not failure occurs within the prescribed time limit Th?
time limit chosen for these tests was 100 hours as originally proposed for low alloy steels by A.S.T.M.

Of the 27 organisations belonging to the Working Group, 19 agreed to participate in the collabor-
ative programme. Each laboratory was responsible for the machining of its own test p eces, but heat treat-
ment was carried out in a single batch. The heat-treated spccimens were returned for final machining and
testing at the end of last year, since when two participating laboratories have dropped out of the programme,
eleven laboratories have submitted their results and six laboratories are still conducting tests. It was



origdnally anticipated that completion of this preliminary test programme would be within ten months, but,
as is shown in Figure 3, testing is incomplete after two years. Major obstacles to progress have been
delays due to machining anC testing difficulties.

An early set-back to the programme was that the size specification for the rolled material was
not aet. This precluded the possibility of using tension specimens possessing the same orientation as
bend specimens. it was therefore necessary for bend specimens to be notched transversely to the rolling
direction whereas tension specimens were notched longitudirady to the rolling direction. However, two
laboratories, using both bend and tension specimens have shown the KISCC values for the two orientations
to be the same to within 1 ksil.i.

RESULTS AND DISCUSSICN

Tables listing all of the test data from the participating laboratories are given in Appendices
1 and 2.

Figure 4 shows the values of time to failure as a function of initial stress intensity during
stress corrosion and also the values of fracture toughness which were measured on the stress corrosion
testing rigs. In this figure no attempt has been made to correct for the variations in specimen width
which occurred as a result of the different specimen geometries used and there is a clear tendency for
the times to failure at a given stress intensity level to increase with increasing specimen width.

A considerable reduction of scatter is obtained by normalisation of the results in terms of time

to failure per inch of specimen width by dividing the times to failure by the ligament depth below the
fatigue crack (W - a). This treatment eliminates the systematic variation of time to failure with specimen
size so that the results for any given specimen geometry occur randomly within the scatter band.

A further slight reduction in scatter is obtained when the initial stress intensities are also
normalised. This is achieved by dividing the initial stress intensities used in each laboratory by the
value of Kic determined on the stress corrosion teaL rig in order to eliminate the influence of test rig
calibration. Figure 5 shows the reduced scatter due to these normalisation procedures when applied to
specimens in which failure was observed.

It is evident from the experimental data that there arc two distinct regimes in the relationship
between time to failure and initial stress intensity. In the first group of results, at fairly high initial
stress intensities, the time to failure is relatively independent of initial stress intensity while in the
second group of results, at lower initial stress intensities there is a strong dependence of time to failure
on initial stress intensity so that a small change in initial stress intensity can change the time to
failure by several orders of magnitude. This behaviour precludes the possibility of determining absolute
values of KISCC from the experimental data and therefore the highest stress intensity values of tests
which did not produce failure within 100 hours have been taken as the KISCC values in the analysis of the
collaborative test programme results.

The observation of two regions of behaviour on the plot of time to failure against initial stress
intensity can be explained by differences in the exact mechanism of failure within each region. In the
first group, where the time to failure is relatively independent ce initial stress intensity, the fracture
surfaces in the stress corrosion region were entirely intergranular right from the tip of the fatigue crack
where initiation occurred. However, the fracture surfaces of those specimens in the second group, which
display a marked dependence of time to failure on initial stress intensity, revealed, on close examination,
the presence of a narrow, almost featureless, zone between the tip of the fatigue crack and the oncet of
the intergranular stress corrosion region. The width of this band increased as the time to failure increased
and Figure 6 illustrates such a zone of width 0.006 in. which was observed on a specimen which failed after
1,210 hours.

These fracture observations suggest that general corrosion at the tip of the fatigue crack can
play an important role in the failure of specimens belonging to the second group where low initial stress
intensities are associated with prolonged failure times. In the first group of specimens the initial
stress intensities applied were sufficiently high to promote the immcdiate onset of stress corrosion
cracking, while in the second group of specimens the initial stress intensities were irsufficient to promote
stress corrosion craeking until general corrosion had effectively increased the stress intensity tc the
required threshold value. Additional evidence for this conclusion was supplied by those laboratories which
monitored crack growth rates and reported no incubation periods or extremely slow crack extension until
just prior to failure for those specimens belonging to the spcond group.

The contribution of general corrosion is not solely limiied to an extension of the fatigue crack
and Figure 7 shows the effects of general corrosion on the surface of a I in. CKS (compact tension) specimen
which failed after 1,072 hours, In this case a reduction in thickness of 0.013 in. occurred due to general
corrosion, as well as a reduction of 'WI and an increase in 'a' by 0.006 in. This effectively increased
the initial stress intensity from 13.6 ksivr/. at the onset of the test to 14.3 ksia/iln. at the onset of
stress corrosion cracking.

This work emphasises the need for extreme care in selecting a failure criterion for KISCO deter-
minations. For this material the transition between groups 1 and 2, the stress corrosion motivated and
general corrosion motivated regions, respectively, occurred at about 10 hours test duration but even after
100 hours duration the contribution by general corrosion was neglible and so it would appear that the
selected failure critertion of 100 hours is anpropriate for this material.

THE INFLUENCE OF SPECIMEN GEOMETRY

The following specimen geometries were used by participants in the test programme:
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10 x 10 m (Charpy) Bend
6 x I x in. Bend

14 x 30 x 150 m Bend
8 x 0.8 x 0.2 in. Tension
Sin. C.K.S. (Compact Tension)
in. T - WOL (Tension)

Tne analysis of specimen geometry influence is complicated because "thile moct of the specimens
were notched transversely to the rolling direction, the j in. CKS and j in. T-type WOL specimens were
notched longitudinally. It is evident from the experimental results shown in Figure 8, however, that with
the exception of the constant displacement specimens, all of the test results fall within the same scatter
band, indicating that for this material neither specimen orientation nor geometry have a marked effect on
the KISCC values. The large amount of scatter in the results obtained with constant displacement specimens
can be explained in the light of the recent work at the BSC Corporate Laboratori .-s on crack blunting during
stress corrosion cracking(E). This has shown that intergranular stress corrosion cracks become progresuively
more blunt as they propagate. The value of the arrest stress intensity is therefore a function of the
initial stress intensity. Stress corrosion cracks in those specimens loaded to an initial stress intensity
well in excess of KISCC will therefore propagate for a considerable distance prior to arrest which, because
of the blunting effect, will occur at a much higher stress intensity than that required for initiation of
a stress corrosion crack from a fatigue crack. On the other hand, the application of an initial stress
intensity only just above KISCC would result in arrest after a small amount of growth before noticeable
blunting could occur. In thZs i _y laboratory J, using a constant displacement specimen, obtained a very
high arrest value of 24.2 ksiz/in for Kr~e using an initial stress intensity of 24.5 ksiA/in. whereas
laboratory B obtained an arrest KISCC value'of 16.0 ksi%/in/. using an initial stress intensity of
16.3 kai /i•. The KISCC values determined by all the other laboratories lay in the range 15.5 to 18.9
ksia/in, using the 100 hour criterion, and a one-way analysis of variance of the results showed the devia-
tions between specimens of different geometry were not significant within a 5% confidence limit. The
results of this analysis are shown in Table 3.

THE INFLUENCE OF MAXIMUM FATIGUE PRE-CRACKING STRESS WENSITY

Previous work had indicated that the maximum stress intensity used during the fatigue pre-
cracking of specimens can influence the value of KISCC subsequently determined so that high maximum
fatigue loads result in high KISCC values. It was therefore recommended that the maximum stress intensity
in fatigue (K max) should be limited to 20 ksir11. but in practice most of the laboratories usee higher
values than this. Figure 9 shows KISCC values plutted as a function of Kf max and shows that for this
material the fatigue stress intensity has no influence. The distribution of data points appears to be com-
pletely random despite the fact that Kf max values in excess of twice the recommended level were used.

THE INFLUENCE OF TEST TEMPERATURES

Test temperatures in the range 15-270 C were reported by the participating laboratories; the
maximum individual range being 120C.

The KISCC results are plotted as a functioai of test temperature in Figure 10 ,4hich, apart from
two results appears to indicate a trend towards lower KISCC values as the temperature increases. To test
this trend a test was conducted 400C but this indicated no reduction in KISCC below that mequred at ambient
temperature. It must therefore be concluded that variations of test tem.perature within the normal r&nge
have no significant influence on the value of KISCC.

ANALYSIS OF LABORATORY ERROR

Two approaches have been adopted in the analysis of results for errors attr".b abl,3 to individual
laboratory procedures:

Firstly, the results of all tests conducted by laboratories using an initiation rather than an

arrest technique have been interpreted in terms of the binary search procedure which was the recommended
testing method and which is illustrated in Figure 2. This procedure required eaph laboratory to determine
KIC on the stress corrosion rig and then to conduct six stress corrosion tests in order to pinpoint KISCC
to within 1/64 KIC. Unfortunately, not all of the laboratories adhered rigidly to this practice, as is
apparent from Table 4 which shows for each lAboratcry the result of the KIC determination and the number
and outcome of tests conducted on the basis of the binary search procedure. Also shown are the KISCC
values determined which are expressed in terms of KIC

Difficulties in the prediction of the exact initial fatigue crack length from the unbroKen
specimen prior to testing precludes the possibility of applying an initial stress intensity accurate to
better than 1/64 KIC.

Therefore, only those deviations from the mean value of KTSCC which exceed 1/64 KI. can be con-
sidered to be significant. Table 4 shows most of the KISCo values aetermined to be within the range

20 1~0+ •g KIC and of these results, deviations from the absolute mean values, %hich are reflected by
deviations of the KIC value from the mean value of 57.5 ksil/T,7, can be attributed to errors in the cali-
bration of the testing equipment. Errors of this tyoe would, for instance', be due to an inaccuracy in the
aaaessment of the mechanical advantage of the loading system and such errors have evidently occur'red since
one laboratory conducted stress corrosion tests of more than 20 minutes duration et anominal initial stress
intensity which was in excess of the KIc values obtained by six other laboratories.

One form of error which is not apparent in this analysis of the results is that due to failure
to take into account t'e weight of the balance pan on the end of the loading beam. Such an error would

have caused an otherwise ine:plicable deviation of the ratio KISCC/KIc from the mean. In fact only two
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20 1of the results fall outside the range (- ± KzC_

Laboratory E obtained a value of KISCC equal to only 16/64 KIC. However, their value of KIC.
at 62.2 ksi/,vUi. was the highest obtained by any laboratory and also tie specimen thickness used, at
0.20 in. was the smallest used and only just within the size criterion for a valid KIC determination with
this material. It is likely that the larger proportion of predominantly plastic behaviour at the edges
of these specimens contributed to a higher KIC value than was obtained from the thicker specimens used
elsewhere. Such plasticity effects would be insignificant at the lower stress intensities used during
stress corrosion testing anti so although the KISCC value obtained was a relatively small fraction of
hiC, its absolute value was comparable with those from other laboratories.

Laboratory G2 also obtained a low value of KISCC equal to 7Kic In this case the laboratory
error can be attributed to failure to observe the prescribed testing-technique since Table 4 shows that
an incomplete binary Mearch was conducted. Because of this the initial stress intensities used were not
sufficiently closely spaced to allow an accurate determination of K1 5 . Several other laboratories also
fai Led to complete the binary search procedure but fortuitously succe~eed in determining KSCC with
,, ;onable accuracy.

It can be concluded that analysis of the resalts in terms of the binomial search procedure
enables sources of laboratory error to be readily ascertained and also enables errors due to failure to
observe the correct testing procedure to be determined.

The alternative method of interpreting the results is to assume that all errors are associated
with differences in the test machines used by the laboratories.

Two main sources of error are considered likely to influence the test results. The first type
Is arithmetical error, EA, and is associated with the incorrect assessment of the weight of the loading
arm of the test machine. The assumption must be made that the means of the KISCC and KIC results are
the correct values for the material. If this is so, then:

K E -IC + A = IC ;
KISCC + EA KISCC

where KIC and KISCC are the mean values and R is their ratio

Hence: = KISCC K1C ksi-/Tn.

The second type of error is geometrical error, Eg, which may arise through either inaccuracies
in the measurement of the length of the loading arm of the test machine or incorrectly calibrated weights.
This causes erroneous bending moments in the case of bend tests or erroneous tensile loads in the case of
tension tests. This form of error is apparent if both KIS0C and KIC values are significantly higher or
lower than the mean values. Geometrical error can be calculated from the relationship:

E K IC - IC - EA = K ISCC EA
g

KIC KISCC

The relationships Uetween KIC and KISCC values of the individual laboratories are illustrated
in Figure 11 in which the straight line indicates the locus of i.

D,ita points lying on the .ocus line but at positions either higher or '.ower than the mean
possess the geometrical error E .g

Data points lying above or Delow the locus line possess the arithmetical error EA.

A summary of the KISCC and KIC values obtained by the laboratories is given in Table 5 together
with the relevant EA or E5 values In determining the mean value of KIC and KISCC, those values which
were erroneous for some obvious reason were omitted from the calculation. Thus KIC and KISCC values from
the constant displacement tests were not considered for the reasons given earlier.

.he arithmetical errors shown in the table vary between - 3.82 and + 2.37 ksi.\/jn7. while the
geometrical errors vary between + 15 and - 13 per cent. It has alreary been shown that the binary search
technique only enables KISCC values to be determined with an accuracy of not greater than + !/64 KIC,,
that is approximately±1 ksiý-,T. Further errors also arise in estimating the length of the ratigue crack
prior to the stress corrosion test and these probably give rise to errors in the order of + 0.5 Ksi/, 7 .
The arit metical errorsin Table 4 which are less than 1.5 ksi.,A/, are therefore insignifi7cant and result
from lim,.ta,'oY.s imposed by the number of specime , available for the binary search. This leaves labora-
tories C, E and K with significant arithmetical errors (apart from Laboratories B and J which were not
includcd in this analysis sizce they used an arrest technique).

Laboratory G had oMLy com,.etedtuur tests at the time of writing and from Table 3 it is evident
Ciat KISCC could only be determined to within 5/64 KIC. about 5 ksI4'i. In comparison EA for this lab-
oratory is insignificant.

The K value for laboratory E of 62.2 ksi/-in. is a6i- *ficartly higher than those of the other

laboratories buiCthe K value is toward the lower end of the , atter band. Tt is possiUle that, as
mentioned previously, T specimen thickness of 0.20 in. was approaching the lmating ••ickness for plane
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strain at KIC of 0.154 in. determined from the expression:

2. yield stress)

The large arithmetical error could therefore result from an erroneous KIC value rather than from miscalib-
ration of the test rig.

The result from laboratory K is, therefore, the only one showing a significent arithmetical error
which can only be attributed to an incorrect assessment of the weight of the loading arm on the test machine.

The standard deviation for KIC values shown in Table 3 is 3.11 ksi,/ , which is 5.4% of the
mean; this compares with a value of 4.3% of the mean for valid KI, tests of high strength steels which
was determined from the collaborative programme of the MG/EB Fracture Toughness Working Group. In view
of the relative simplicity in the method of the KIC determinations in the present tests this indicates
that the test machines used in the stress corrosion tests are of comparable accuracy with those used in
the fracture toughness tests.

Most of the variation in the KIC and KISCC values listed in Table 5 appears to be related to
geometrical error, E . The scatter of KIC valuev found in the MG/EB Fracture Toughness Working Group
collaborative programe within individual laboratories amounted to about + 4% which can be attributed
to material variationd. Geometrical errors greater than this in Table 5 should therefore be considered
significant, which means that only laboratories Al, G2, C, D and I showed insignificant levels of E .

CONCLUSIONS

A preliminary survey of the collaborative test programme results of the Stress Corrosion Crac-king
(Fracture Mechanics) Working Group which have beer :omkiled to date has yielded KISCC wlues in the range
15.3 to 18.9 ksi'/•. with a mean value of 17.0 ksp,/in. from specimens tested with an initiation technique
using pre-cracked specimens and a 100 hour failure ;riterion.

A study of the results 'us shown that large differences can occur between KISCC values determined
by initiation fron a fatigue crack, and arrest from a stress corrosion crack in this material due to the
blunting effect of the intergranular corrosion crack.

Neither specimen geometry nor maximum fatigue load during the pre-cracking procedure has been
found to influence signifiqpntly the value of K'(C determined by initiation from a fatigue crack, nor the
temperature variations in the range 15 - 27 0 C. IO

The main sources of error appear to be associated with differences in the calibrations and
ac.uracies of test rig& between the participating laboratories although failure to observe the prescribed
testing techniques has also contributed to some scatter in the results.
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APPENDIX 1.

SCode Ki Time to Failure
Laboratory ksi /f. Minutes

Bi-a A 43.5 15
28.o 29
25.5 40
21.4 45
18.5 600
17.1 188o
15.3 16880 KISCC
15.1 1560o
15.0 60000 +
14.5 7200 +

gisra A2 39.6 25
30.5 50
25.8 69
18.5 108
17.5 138
16.4 6600 Kisc
15.8 20400
14.8 72000
14.4 64400
14.5 2900 + (40 C)

British Rail B 26.9 No Arrest
16.3 Crack Arrested 16.0 ksiAA•.
11.5 60000 +

BSC - River Don C 58.0 24
51.7 36
45.0 42
40.0 60
33.3 96
26.3 95
19.8 7218.5 115
17.6 6OOO + KISCC
16.4 6000 +

Bristol Aerojet D 27.8 122
25.7 610
21.2 309
20.6 303
20.5 280
19.9 3120
19.0 40000 +
18.9 5025
18.o 6000 + KISCC

Englhsh Electric E 33.0 31
23.0 54
22.0 72
19.0 225
17.0 1360
16.5 120
16.4 1670
15.6 8300 KISCC
15.0 13600

M.V.E.E. F 21.4 160
17.9 1229 - 1896
17.1 4875
16.7 7851 K
-6.0 28800 KICC
15.3 9600 +

M.V.F.E. F2 19.4 149
17.7 < 927
17.3 17911 KISCC
15.4 1600o +
13.6 18700 +

Brown-.Firth Gi 30.2 24

29.4 18
22.0 54
17.4 6918 KISC8

17.3 10572



APPENDIX 1 (COITLTIM),

Laboratory Code K Ii Time to Failure
kai-/9 Minutes

Brown-Firth G 36.3 24
23.7 72
18. 1 1572
15.6 12816 + K

BSC - Swinden 1 36.8 55
Laboratories 24.6 110

19 7 255
18.9 9300 %scc
15.6 27600 +
11.9 66000 +

R.A.E. T 37.1 Crazk Arrested 25.5 ksil(E.
27.5 Crack Arrested 25.3 ksiI/G.
24.5 Crack Arrested 24.3 ksi./ii.

UKAEA K 27.0 132
21.2 210
19.3 2946
18.0 6000 + KSCC
17.5 6000 +
14.0 6000 +

APPENDIX 2

Laboratory Code Specimen Type ksiV/. x Tem.

Bisra Al 10 x 10 mm Bend 21.0 22 - 27

Bisra A2 ,, x in. Compact Tension 19.3 22 - 27

British Rail B 14 x 30 x 150 mm Bend
Constant Deflection 17.3 20 - 26

BSC - River Don C 1 x ½ in. Bend 14.5 22

Bristol Aerojet D 1 x j in. Bend 19.4 18

English Electric E 0.8 x 0.2 in. Tension 22.5 22

1.V.E.E. F1 1 x j in. Bend 25.9 17 - 26

*1.V.E.E. F2 ½ in. Compact Tension 23.9 15 - 27

Brown Firth GI 10 x 10 mm Bends 44.0 25

Brown Firth G2 10 x 10 mm Bend 41.0 25

BSC - Swinden
Laboratories I ½ in. Compact Tension 15.6 20

R.A.E. J j in. W.O.L.
Constant Deflection 16.2 15 - 22

U.K.A.E.A. K in. Compact Tension 28.0 26 - 27
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APPENDIX 3

THE COFlATH LABORATORIES OF THE BRITISH STEEL CORPORATION

STRS CORROSICI CRACKING (FRACTURE MECHANICS) WORING GRUP

CONSTITUTION LIST

Mr. J. E. Truman (Chairman) Brown-Firth Research Laboratories
Mr. R. J. Allen British Railways Board
Mr. N. R. Aruitage British Aircraft Corporation Limited
Dr. J. E. Bowers British Non-Ferrous Metals Research Association
Mr. A. R. G. Brown Ministry of Technology, Royal Aircraft Establishment
Mr. K. A. Chandler The Corporate Laboratories, BSC, Battersea
Dr. C. T. Cowan The A.P.V. Company Limited
Dr. D. W. 0. Dawson A.P.V. Paramount Limited
Mr. J. W. Eggar Henry Wiggin & Company Limited
Mr. T. E. Evans International Nickel Limitel
Mr. R. A. Faulkner Hawker Siddeley Aviation L'mited
Mr. R. K. Greenwood Vickers Limited (Barrow)
Yr. T. G. Gooch The Welding Institute
Mr. J. T. Heron Royal Armaments Research Development Eptablishsent
Dr. R. A. E. Hooper BSC Midland Group
Mr. R. Jeal Rollo-Royce (1971) Limited
Dr. J. F. Knott Cambridge University
Mr. P. F. Langstone Bristol Aerojet Limited
Mr. T. Marrison Brown-Firth Research Laboratories
Dr. P. McIntyre BSC, The Corporate Laboratories, Sheffield
Mr. J. I. Norwood BSC River Don and Associated Wor.s
Dr. R. N. Parkins Univers. ty of Newcastle
Mr. A. H. Priest BSC, The Corporate Laboratories, Sheffield
Dr. J. C. Radon Iwperial College of Science and Technology
Dr. G. Sanderson Fulmer Research Institute Limited
Mr. I. R. Scholes Imperial Metals Industries
Dr. J. Scully University of Leeds
Mr. T. V. Thornton General Electric Company, Power Engineering
Mr. C. Tyzack United Kingdom Atomic Energy Authority
Mr. D. Webber Military Vehicle Experimental Establishment
Mr. T. Wilkinson (Technical

Secret--'yj BSC, The Corporate LaboreLories, Sheffield
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SUMKARY

The Conference covered general aspects of stress corrosion cracking as well as individual
alloy systems. Of p-Rticuiar interest to testing methods were (i) repassivation, and (ii) measuremeets
of crack velocity. These are discusced and their relevance to testing methods is emphasized.
Comparison between different alloys or of different heat treatments of "n alloy can only be made if
the relationship between mechanical, me+allurgical and electrochemical variable: on crack propagation
kinetics is ful Ly determined. Separatioi of mechanism work and the development of testing procedures
is not profitab Le and there is a strone need for more exchange of information between the two groups
who work in theie fields of stress corrosion cracking.



THE SCIENCE CahUTfER CONFERENCE ON THE THEORY

OF STRESS CORROSION CRACKING OF ALlOYS

Dr. J.C. Scully.

1. INTRODUCTION

The NATO Science Committee Research Evaluation Conference on the Theory of Stress Corrosion Cracking
in Alloys was held at Ericeira, Portugal during the period March 29 - April 2 1971. Approximately 75
people attended either as invited participants or as observers ind 16 papers were presentcd on both general
aspects of stress corrosion cracking mnd individual alloys systems. Two additional papers were on test-
ing methods. Those not presenting papers were invited to present working material. A flexible time-
table was devised which ensured tiat there was a vry detailed discuesion of the current understanding of
the phenomenon. The Proceedings, which includes asumrized discussions, will shortly be available'.

The principal objective of the Conference was to focus attention upon those areas in mechanistic
studies of stress corrosion cracking that urgently require investigation. Both from the papers that were
presented and from the lengthy discussions that ensued there was a large measure of agreement about tVese
areas, It is scarcely possible to summarize with any completion the outcome of a major conference but

there are two subjects of comparatively wide general interest that dominated the discussion and that also
are of direct relevance to the subject of Testing Methods covered by this AGARD Specialists Meeting on
Stress Corrosion Testing Methods. It is therefore the intention of this paper to draw attention to
these two subjects by discussing each fairly briefly while at the same time emphasizing their continuing
importance. The two subjects are: (i) Repassivation, and (ii) Measurements of Crack Velocity. The
discussion of each illustrates that mechanistic investigations require a close understpnding of the
characteristics of the testing procedure that is adopted. The argument can also be made in reverse
that the development of testing procedures is aided by an appreciation of mechanistic factors. It is
the opinion of the author that the separation of workers into groups wao work on testing procedures and
groups who work on mechanisms is not profitable and cannot be justified. Stress corrosicn cracking is
a complex phenomenon and a unif ied effort by all parties would appear to offer 'he greatest ho-pe of a
successful resolution of the problem.

2. REPASSIVATION.

The breakdown of protective films consisting either of metal reaction product or of a noble con-
stituent by either chemical or mechanical means has long been recognized as an essential event in theinitiation and propagation of stress corrosion cracks. The result of such breakdown causes highly

localized attack and the development of acidity with consequent hydrogen evolution in many alloy systems.
It is only in recent years that attention has been focussed 'pon not the breakdown but upon the
subsequent rate of repair of such films. The essence of the concept, published2 in 1967, is that crack
propagat'on occars when there is a critical del%, in the repair of such films at the tips of cracks.
Too sm2l a delay will not give sufficient curren, for the necessary corrosion event, while too great a
delay -ill permit too large a current flaw, giving pitting and generally not sufficiently localized attack.
Cracking occurs in electrochemical borderline situations between the fortion of a solule and an
insoluble product. Such events will depend upon both electrochemical and mechanical1 parameters.
Cracking is likely to be associated with ranges of potentia3 where protec.. ye films exhibit possible
instability, i.e. in regions of active/passive transition. The local composition of the environment
will be of critical importance since some anions, e.g. Cl-, probably contribute significantly to delaying
repassivation as a result of competitid adsorption on the freshly exposed metal at the crack tip5.

At the Conference much discussion centred about the role of repassivation. Work was
presented by Professor Stachle on austenitic stainless steels which indicated that cracking in boiling
concentrated MgCl 2 solutions might be explained as arising from critical repassivation events. In
general, cracking in alloys might be described as arising when the amount of fresh metal created at the
crack tip was greater than the volume of solution in the region of the crack tip coupd passivate. Such a
simple description covers a number of complex interacting factors. The deformation processes at the
crack, resulting in slip steps, gliding, stretching and dimple forMat!1L, will be important since they
determine the amount of fresh area created. The repassivation processes will be dependent kinetically
upon tue value of the potential at the crack tip, the solution composition, hydrolysis reactions and
hydrodynamic considerations. With so many variables it is not surprising that cracking occurs only in
a relatively small number of alloy/environment systems.

A practical example was shown6 that demonstrates the importance of repassivation in a dynamic
straining test, a testing procedure that is rapid, severe and unequivocal. The results are shown
in Fig.l. Plein specimens of Ti-5A1-2.5Sn alloy were strain-I to fracture ,t different strain-rates
in two different environments. Firstly, in neutral aqueou& NaC solutions, cracking was observed to
occur over a comparatively narrow range of crosshead speeds. A, high speeds there is insufficient time
for crack initiation and dimple fracture occurs. As this sped is lowered there is time for initiation
and propagation which is reflected in the decrease in elongation., At lower speeds the same surface
deformation processes occur but at a lower speed so there is time for repassivation to take place and the
surface regains its stable condition of being covered with a protective film. No crack initiation occurs.
Secondly, in a particular mixture of methyl alcohol aii HCU which is aggressive and causes intergranular
corrosion, no cracking occurs at the h.gh crosshead speed for the same reason as for the experimets in the
aqueous environments., At lower speeds there is time for crack initiation and propagation. As this
speed is further lowered, however, there is no possibility of repassivation rad since there is an increasing
length of time for propasation there is a decreasing elongatio" to fracture.,
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speeds in two different environments.

Such results are simply explained but there are considerable subtleties that should be included,
Initiation can be associated with emergent slip steps the height of which will depend upon the grain

size. The speed of emergence is not strain-ratc 4-pendent and initiation might be expected to be
inl1ependent too. What is important is the natur ~f the event that occurs during the delayr in
repashivation. Since initiation is considered ti arise froAs a hydrogeL-induced cleavage, this process
will depend upon reaching a critical stress level within a certain tine. Such events require
investigation and such tests should also be done under potentiostatic control, a method that has been

-I- 5OI
logye cbyseo somed authors.

Tuhes results were sbtinel durlingedehn"tc netgto but there are rosdree uteis htsoldevn inolded

particuaretioing methsoitd which haesmerentsiqu adataes. Thihteoe where opiion dexprendsueo that sracn

incorporating such tests into their programmes. In general, repassivation is relevant to all testing
procedures and was discussed at the 196T AGARD Meeting in Twin. At the simplest level, consideration
must be given to whether a specimen loaded before or after tdding the testing medium since different
results can be obtained depending upon the method chosen.I ~ ~3. t.QASt)REMMIT OF CRACK VELOCITY.

How stress corrosion cracks propagate is fundamental to an understanding of mechanisms. Much
work has reported average velocities derived from a wide range of tests but it is only recently that
instantaneous velocities have been measured as a function of mechanical, metallurgical and electrochemical
variables. The Conference included severe", papers covering such investigations. It appears that for
high strength materials there is a general pattern observed between the crack velocity and the stress
-Intensity factor, K. This is illustrated in Fig.2 which is taken from a paper from Dr.Speidel on
rstsminium alloys.

The diagram illustrates 3 different stages in the relationship. Stage I covers a region in which
the velocity is strongl dependent upon the value of K. The propagation Process hoE an activation
energy of 28 kcal./gm.mole. Stage 11 is c, region which the velocity is indiepend,.at of K. The
process has an activation energy of 3-5 kcal./f.mole. Stage III is observed only in highly
susceptible alloys which are avoided vnere possible. Crack branching occurs in the Stage II 'plateau'
region and both branches propagate. This ococirs at %~ certain fixed value of K. At lower values
of K branching may also occure, Dr. Speidel distinguishes between these phenomer a as 'macro' and
'micro' branchng and a diagram from his aecond paper is shown in Figr3.

Fundamental data of this kind were reported toy be not confined to aluminium lloys. Titanium
and magnesium alloys e ehibit similar behaviour with similar values of activation erergy. Glass in
moist atmospheres exhibits Stage I behaviour. Not surhrisingly, thevo e was considerable attention paid
to these results. An undertanding of S-age I behaviour was felt to be crucial to mechanism
determination. Repassivatiot was important here perhaps since in completely non-aggressive environ-
ments only Stage II was observkd, e.g. Ti alloys in neutral aqueous chloride solutions, With increasing
K some critical process occurred so frequently that it was no longer -ate-controlling. At this point
Stage II was reached in which cracking was controlled by the diffusion of some species in the envirorment.,
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A number of extremely important points of direct relevance to testing procedurei Arize from
such data.

(a) Testing shold be done unier fixed conditions of mechanical, metallurgical anl electrochemical
conditions since valu.-q that detera.-m tht. relationship shown in Fig.2 vary as these v•riables are
altered. An example ix shown in Fig. 4.

___ACIDIC I
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VII
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POTENTIAL

Fig.4. Schematic diagram illustrating the relationship between Stagt L'. striss corrosion
crack velocity and potential as a function of pH in titaniun %lloys. (Feeney and Blackburn)

(b) Unless the complete relatims ship was established, testing proc. ures could only give incomplete
and possibly misleading indication- o behaviour. Where several alloys •ev e being compared it was
vitally important to ensure that n -.- m, rison was meaningful ani this ro,j d appear to demand knowledge
of the complete curve. The relationship shown in Fig.2 has an im'nedia'e !ise in alloy development and
materials selection for a given environment.

(c) In many alloys a genuine value of KIsec below which crack propagation does not occur is not
observed and reported va]l1es may merely reflect upon the patience of the nbserer. In aluminium alloys
velocities as low as 10-1± m/sec have been observed. It was suggts+ed that instead of Kiscc a value of
K might be designated corresponding to a low negligible velocity whico would have to be agreed upon.

(d) The value of the potential was very important and this 1., usu.;lly not controlled during testing
procedures. This makes comparison between alloys difficult. it also means that if the open--circuit
potential is outside the potential range within whirh cracking occurs susceptibility can be m.ssed_ and an
alloy appear immune. In rervice use, however, the open-circuit potential might drift into tL,. range.
possibly as a result of temperature changes or aerat'on effects on high velocity surfaces, consequently
resulting in cracking. By omitting the control of a major variable it was not surprising that there
were common inconsistencies between laboratory tests and service experience.

At the moment the procedures covered by these points are not generally followed in testing
laboratorien., P'e.-usal of many of the papers in this volume will confirm this. This is a great pity
since it ccnstitutes a considerable hindrance to progress in determining testing methods immediately
relevant to service conditions. Stress corrosion cracking occurs as a result of the complex interaction
of fracture mechanics, physical metallurgy and electrochemistry. To initiate tests in which only two
of the variables are controlled and perhaps even measured is incorrect and cannot be expected to give
satisfactory answers except by chance.

4. CONCLUSION

The points above, (a) - (d), are capabl,' of considerable amplification. Taken together with
-onsiderations of repassivation. flzy do emphasizt that the development of testing procedures and
mechanistic studies have much in com-on and groups working in each area have much to contribute to each
other's endeavours. This was a widely expressed feeling at the meeting. The Conference Proceedings
show that much has been disco rered about stress corrosion cracking over the last few years. This very
brief smmmary of only two genural points was not intended to cover the wide range of ideas that were
presented at the Conference. Currently the problem is to ensure that this knowledge is widely
disseminated and thoroughly, discuseed. This in turn should ensure that the principal objective of the
Conference is achieved sad &iso that testing procedures are devised which give results rore related to
service conditions.
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SUMMARY

A stress corrosion testing method which allows a quantitative separation between the
effects of stress and those of corrosion in causing stress corrosion damage is described. This test
involves the measurement of the reduction in subsequent stress coriosion life which is brought about
by initiall exposing the sample to the corrosive environment without any stress beng applied (pre-
corrosion. If a given alloy is susceptible only to the combination of stress and corrosion (true stress
corrosion then such a preexposure would not be expected to greatly reduce its subsequent stress cor-
rosien lifetime. owever, a corroson process that is not accelerated by stress is required toinitiate the failure process, then such preexposure without applied stress may be found to be almost as
damaging as an equal amount of expopure carried out under streass. A stress corrosion index (SCI) is
defined which quantitatively measures these effects. Data obtained by this method are presented for
a high strength aluminum alloy (707.5) tested in buffered NaCI solution. For specimens of this alloy
having a machined surface finish, 80% of the time required to produce failure in normal stress corrosion
tests is found to be due to a process which is not accelerated by app'lied stress.* An explanation for
this behavior is offeeed in terms of the existence of a highly defozraed surface layer within which any
well defined grain boundaries have been destroyed., This surfacto layer must be penetrated by pitting
before a true stress corrosion process can begin.
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MEASURING TIHE DEGREE OF CONJOINT ACTION BETWEEN
STRESS AND CORROSION IN STRESS CORROSION

Franklin H. Cocks

Stress cc;rrosion implies by definition that streqs and corrosion acting together" pro-duce
a greater deterioration thaq each acting sepe- itely. The 1948 American Society for Metals Subcom-
mittee on Stress Corrosion. proposed xhat the relative subsequent breaking loads of specimens which
were: (a) stressed but not corroded, (b) corroded but not stressed, and (c) corroded while stressed, be
taken as a measure of the acceleration of corrosive damage by stress. This method has not been
widely used because breaking loads measured on dry specimens provide relatively little information on
the rate of progress of damage under corrosive conditions., To provide an improved index of the
accele:-ation of corrosion damage caused by the application of stress, a novel test procedure has now
been developed.z According to this method what is measured, rather than breaking loads, Is the
reduction in subsequent stress corrosion lifetime brought about by preexposure to the corrosive environ-
ment (precorrosion) without the application of stress. By quantitatively determining the reduction in
re&istance to subsequent stress corrosion as a function of increasing precorrosion exposures, one can
assign a numerical value to the degree of conjoint action between corrosion and die applied stress. As
will be shown, this testing procedure has proven particularly valuable in explsintrig the protective effects
afforded by many mechanical surface treatments as well as in providing a quantitative tool for the invec-
tigation of lbasic stress corrosion proce,1ses.I

If an alloy is susceptible only to true stress corrosion, then preexposure to the corrosive
environment without any stress applied would not be expected to lead to a large reduction in the time
required to produce failure in a subsequent normal stress corrosion test. If, however, a corrosion
process that was not accelerated by stress were important initially in the total failure process, then
exposure to the corrosive environment wi4thout stress (precorrosion) would lead to a substantial decrease
in the subsequent time required to produce stress corrosion failure, as measured from the time at which
the stress was applied. These two cases are illustrated schematically in Fig. 1. As shown, the ver-
tical axis is the stress corrosion time-to-failure, measured after application of the stress, while the
horizontal axis is the precorrosion Lime; that is, the time during which the sample was exposed to the
corrosive environment without an applied stress. The horizontal ;ine (A) shows the behavior to be
expected if only a true stress corrosion process operates, since, in this case, corrosion without stress
does not change the subsequent failure time. The line (B), however, shows the result which will be
found if stress corrosion does not occur and failure results only from normal corrosion. Thus, in
this case, one unit of precorrosion expo.'ire time is seen to be just as damaging as one unit of exposure
time with both stress and corrosion ,pplied. Arbitrary time units are shown on this figure and, of
course, the time - nquired to produce "ailure by normal corrosion will usually be considerably longer
than that required by a stress corrosion mechanism. What is of primary importance, however, is
the way in which the time-to-failur;,, wten both stress and corrosion are applied together, varies as the
alloy Is subjected to Increasing precorrosion treatment. This variation gives, of course, the slope of
the precorroslon curve. By adding unity to the value of this slope, one can define a stress corrosion
index (SCI) as

dx
where y is the measured time-to-failure after precorrosion and x is the time for which the specimen
was exposed to the corrosive environment without stress. By defining the index in this way, it will be
zero in the case where a stress corrosion proceds does not occur at all (line B) and unity in the case
where only a true stress corrosion process causes damage (line A).

An example of the appllcatlcn of this technique may be found in the case of aluminum
alloy 7075 (in wt 7, 5.6Zr,- 2.5 Mg - 1.6 Cu - 0.3 Cr - balance Al) in the high strengt:i T651 temper
(yield stress, 73,0 ). Stress corroslon and precorrosion teets were carried out in deaerated one
normal NaCl solution giffered to pH 4.; with CH3COONa and CH3COOH in a recirculatln system at 30°C.The applied load was 9Poof the yield stras•i, U~rrosion was galvanostattc with an anodtc current
density of 0, 3 mA/cms9.o The specimens %ere cut in the short transverse direction from 1.5 in thick
plate and machined to a 25 mticronch (rms) surface finish. One set of these samples was tested with-
out further surface preparation except clearting. Another set was reheat-treated to the T6(51) temper,
while a third set was similarly reheat-treated and then electropolished in 25 vol % HNO3and 75 vol To
methanol at -50 0C. The results of precorroslon tests on these samples are shown in Fig. 2. Those
points along the ordinate at zero precorrosioa time give, of course, the results of normal stress corro-
sion tests (stress and corrosion ,.pplied simultaneously).

Several featires are evident from this figure. The time-to-failure of the electropolished
specimens is relatively independent of precorrosion exposure (SCI t 1) over the whole range of precorro-
sion treatments examined (from 5 to 4Otimes the normal stress corrosion time-to-failure). For theas-machined specimens, however, the stress corrosion susceptibility index is zero for precorrosion
treatments of up to somewhat less than one times the normal time-to-failure; thereafter, SCI s 1 as in
the case of electropolished specimens. Significantly also, in the region where their SCI values are
unit , all specimens show the same subsequent time-to-failure. That is, no matter what the starting
surace condition, the behavior of all specimený, be'omes almost identical for precorrosion treatments
of more than 0. 5 hours, and all points fall on a lint- almost parallel to the abscissa. The ordinate
value of this line thus gives the true stress corrosion resistance of these specimens, independent of
starting surface conditions..

For both the reheat-treated as well as the as-machined samples,. it is seen that a large
fraction (80% in the case of the as-machined samples) of the time-to-failure as measured in a -iormal
stress corrosion test is taken up by a corrosion process that is not accelerated by applied tensile stress.,
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A high residual surface tensile stress could, of course, cause the specimens to stress corrode in the
absence of an external applied stress, but sigiilar specimens deformed 2% either by cold compression
or by stretching to eliminate residual stress' showed similar large initial precorrosion effects. Thus,
it is necessary to explain why, especially in the case of the as-machined samples, a stress corrosion
process does not initially occur. The observation that no precorrosion effect is observed on the
electropolished specimens leads to the conclusion that a surface layer is involved. To investigate the
surface condition of these samples, transverse metallographic secticns were prepared. Although
these sections gave evldeice for grain boundary distortion within approximately I1 of the surface, the
characteristics of this dialo•don were not clear. To Investigate more closely the condition of the
grain boundaries near the turface, therefore, the method of direct surface etching was used.

Fig. 3 shows the appearance of each type of specimen iurface after etching for 25 sec in
Keller's etch (1% HF, 1. 5% HC1, 2.5% HNO3 , balance H2 0). In this seque:ice ., photomicrographs it
can be seen that the graln boundary structure of the reheat-treated and electropolished sample is quite
clearly developed, while the as-machined specimen shows almost no evidence for a surface grain
boundary structure. T`,e samples which were only reheat-treated mid which showed an intermediate
precorrosion effect also show only a partially Ileveloped surface grain stt.:ture.

The interpretation of this difference in grain boundary structure and precgrroslon
behavior is particularly informative in the light of the paper by Borchers and Tenckhoff, a who show that
the well-known beneficial effect of shot peening in increasing resistance to stress corrosion does not
primarily result from residual stress effects, but rather arises because of the destruction of grain
boundaries at the surface. Because stress cracking almost always occurs intergranularly in high
strength aluminum alloys, the stress corrosion process evidently cannot begin until the cold-worked
surface layer, within which any well-defined grain boundary structure has been destroyed, has been.penetrated by corrosion and well-defined grain boundaries exposed. What the results of Fig. 2
demonstrate is that this penetiation occurs via a pure corrosion and not a stress corrosion process.
Thjs, corrosion without applied stress is initially just as damaging as corrosion with applied stress
because no stress corrosion process can occur until the underlying region of well-defined grain bound-aries has been reached. This sequence of events Is illustrated in Fig. 4. As seen in Fig. 4(a), any
well-defined grain boundary structure has been fragmented at the surface by mechanical deformation.When the sample is exposed to the corrosive environment, either with or without an applied tensile

stress, this surface layer must be penetrated by a non-stress corrosion process, e.g., pitting(Fig. 4(b)), before a true stress corrosion process can begin (Fig. 4(c)). The extreme practical
importance of this effect can be seen from Fig. 2, which shows that even the less than 111 thick surface

layer introduced by machining can increase the time-to-failure as measured in a normal stress corro-sion test by more than a factor of four. It is probably also that similar surface structure considera-
tions can be usedI o,,explain other precorrosion effects which have been reported for high strength

aluminum alosu

It is evident that the effects described here may occ o~r quite generally for alloys ani
environments where cracking occurs tntergranular'y. In the case of Ti-6 Al-4 V in brominated meth-
anol, le-s than half of theutime prequired to produce failure in a normal stress corrosion test is artually
related to the resistance of the alloy to stress corrosion. 8 Similar results have also been obtained
for low alloy steel samples in hot nitrate solutions. In ddition, the testilsg procedure itself may
have aiplications in corrosion fatigue and liquid metal embrittlement studies, as well as In investiga-
tions of stress corrosion processes.

The uses of this test method may be broadly described as two-fold: Fiort, technologically,
evprcorrosion testing rovides a direct and quantitative means for evaluating the effectiveness of surface
treatments sh as g ass bead or shot peening in inhibiting stress corrosion. Not only is the increase
In the overall time-to-failure determined, but the dependence of this anlrease ( (a) residual stress

Slffects, .and (b.) surface deformation effects, can be separately evaluated because the degree of Inhibi-

tion of the conjoint acton of stress and corrosion can be accurately determined. For example, in the
case of the aluminum alloy 2219 (in wt %o, 6.3 Cum-a . Mnb- b .18 Zri-b 1 V -fo.06 TI-balance Al) in the
T31 tpemper (yield strength 34,0o00psi), the protective effect of shot-peening Is due almost completely to
residual compressive stress effea t, since a true stress corrosion process operates even in the abience
of well-defined grain boundaries, u In the case of glass bead peened steel specimens tested in hot
mixed nitrate solutions, however, the measured increase in resistance to cracking under stress corro-
sion conditions Is partly due to residual compressive stress and partly due to surface grain boundary
disruption. 9 Second, In basic investigations of stress corrosion, it is crucial that the effects of such

variables as heat-treatment, environment, and temperature be related to their influence on the stress
corrosion process itself and not to the combination of pure corrosion as well as stress corrosion pro-
cesses. It would seem that only by carrying out the test procedure outlined here can this separation
of effects be assured.

0
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Fig. 1

Schematic drawing showing two extreme cases for the effect
of precorrosion (corrosion exposure without applied stress)
on subsequent stress corrosion time-to-failure (measured
after the application of the load).
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Fig. 2

Subsequent stress corrosion time-to-failure versus precor-
iosion time (corrosion exposure without applied stress) for
as-machined, reheat-treated, and reheat-treated and el~ectro-
polished samples of 7075-T651.
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Fig., 3

Photomicrographs showing the surfaces of the thre,ý
types of specimens used for the tests of Fig. 2.

Each surface exposed to Keller's etch for 25sec,

(A) Reheat-treated and electropolished

(B) Reheat-treated
(C) As-machined

SURFACE
GRAIN * PITTING STRESS

BOUNARYCORROSION CORROSION
STRUCTURE CRACKING
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Ca) (b) (C)

Fig, 4

Sc'Omatic drawing showinF, (a) deformed surface layer devoid
of any well-defined grain boundary structure, (b) penetrzti,,, of
th. s deformed layer by pitting corrosion, and (c) initiation of
stress corrosion once the underlying rcgon of well-defined
grain boundaries has been reached.,
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SUMMARY

A technique has been described for using small tip diameter microelectrodes to study the stress
corrosion behavior of various aluminum alloys exposed to chloride environments. Several general obser-
vations concerning the stress corrosion behavior of aluminum alloys were made: (1) propagation of a
stress corrosion crack is always accompanied by a decrease in pH near the crack tip; (2) increasing
the stress intensity to above KIS3.C results in a rapid active shift in corrosion potential; and (3) as
cracks progress, the corrosion potential slowly drifts in the active direction. A general mechanism for
stress corrosion based on these observations is that crack propagation occurs by active-pLth dissolu-
tion with a minimum applied stress required to rupture the passive film and initiate crack propagation.



9-1

pH AND POTENTIAL MEASUREMENTS DURING
STRESS CORROSION OF ALUMINUM ALLOYS

by

J. A. Davis
Bell Aerospace Company
Division of Textron, Inc.

Buffalo, New York

ABSTRACT

The pH and potential profiles down stress corrosion cracks have beep determined on 1100-0,
2024-T3, 5456-H343, 5456-Hl17, and 7075-T651 aluminum alloys and 1020 steel exposed to potassium
chloride solutions. The pH was observ.sd to decrease near the crack tip when the crack was propagating
by stress corrosion. Active jumps ir. the corrosion potential followed by rapid repassivation were
associated with mechanical crack propagation. A film-rupture-anodic dissolution mechanism was used
to explain the results.

INTRODUCTION

The local solution chemistry in the crack tip vicinity during stress corrosion cracking has recently
received considerable attention since Brown et al.(1) directly measured the crack tip pH. Brown et al. (1)
froze the crack tip solution of a growing stress corrosion crack in situ, broke the specimen open, gently
warmed the solution, and measured the pH using pH-sensitive paper On aluminum alloys stress corroded
in neutral chloride solutions, they measured a crack tip pH of about 3.5. Rosenfeld and Marshakov (2)

have meavured similar pH values during crevice corrosion of aluminum alloys.

Edeleanu and Evans(3) predicted that a constant pH should result during a localized anodic reaction
by the hydrolysis of metallic ions or atoms and subsequent precipitation of the hydroxide formed by the
reaction. The final pH is dependent on the aluminum ion concentration, the solubility product constant
of the hydroxide, and the dissociation constant of water, ranging from about 3.5 to 4.5. Sedricks et al.(4 )

have recently extended th,? work of Edeleanu and Evans( 3 ) and have shown that by using the solubility
product constant of freshly precipitated aluminum hydroxide, they can accurately predict the pH at the
crack tip during stress corrosion of aluminum in chloride environments.

While the work of Edeleanu and Evans(3) and Sedricks (4) allow prediction of the crack tip pH and
the work of Brown et ali.) the measurement of the pH at the crack tip, no method previously described
permits the direct measurement of pH near the crack tip or pH gradients from the crack tip to the bulk
solution during the actual progress of stress corrosion cracks. In the present investigation, micro-
electrodes having tip diameters of one to five microns were developed and used to measure pH gradients
during stress corrosion of various aluminum alloys and 1020 steel exposed to neutral potassium chloride.

MATERIALS AND EXPERIMENTAL WORK

The materials used in this investigation were commercial 1100-0, 2024-T3, 5456-H343, 5456-HI17
and 7075-T651 aluminum alloys. All materials were in the form of 1/4 or 1/8 inch thick sheet.

Stress corrosion specimens were machirned from the sheet material in the form of single edge
notched, sheet tensile specimens (Figure 1) such that stress corrosion cracks would grow in the long
transverse direction. The specimens were descaled followed by degreasing with methylene chloride for
a minimum of 8 hours in a soxhlet extractor. The specimens were then thoroughly rinsed in distilled
water and stored in a vacuum deosicator. A 25- to 40-micron hole was drilled at the base of the notch
on some specimens while others were fatigue precracked prior to the degreasing treatment.

The test solulion was contained in the notch of the specimen by Teflon tape securely held in place
by electrical tape, as shown in Figure 1. Restriction of the solution to the notch area proved to be
advantageous for two reasons. Contamination of the microelectrodes was reduced to a minimum and
observation and manipulation of the microelectrodes was greatly simplified.
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The stress corrosion test environment for microelectrode studies was 4.46 percent potassium
chloride dissolved in double distilled water of pF 5.9 to 6.5. Potassium chloride rather than sodium
chloride was used because sodium ions significantly shorten the lifetime of the pH micrelectrode and
affects its response at high pH values. Short term comparison experiments using neutral sodium chloride
for the test environment yielded identical results to tests using potassium chloride.

Two types of microelectrodes have been developed for this investigation; a pH and a reference
microelectrode. A schematic representation of the pH microelectrode is shown in Figure 2. A one
micron sealed tip approximately 150 microns long was drawn in a pipette puller from a one millimeter
O.D. glass pipette (Corning type 0150 pH glass). The tip was then examined at a magnification of 600X
to insure the tip was sealed. The microelectrode was filled with double distilled water and a five mil
platinum wire, cleaned with a hot solution -f sulfuric acid - sodium dichromate, was inserted into the
water. The platinum wire was externally connected to a copper lead wire.

The silver/silver chloride (Ag/AgCI) reference microelectrode, shown in Figure 3, was drawn
from a one millimeter O.D. pyrex pipette to a 5-micron tip diameter approximately 150 microns long
with the tip left open to the solution. The microelectrode was then filled with a buffered 0.1N potassiam
chloride- 3aturated silver chloride solution. The reference probe was a 5-mil platinum wire coated
with silver that was chloridized to about half the thickness. Finally, the platinum wire was externally
connected to a copper lead wire. Both the pH and Ag/AgC1 microelectrodes were conditioned for at
least one hour in 4.46 percent KCI and calibrated before each series of measurements,

A schematic representation of the experimental apparatus is shown in Figure 4. For pH measure-
ments, the pH microelectrode was Inserted into the crack or into the 25- to 40-micron hole drilled at
the base of the notch and the reference electrode was placed about 25 microns from the root of the
notch. The depth of microelectrode immersion in microns into the crack was measured by micro-
manipulators with motion controlled by a micrometer dial. The pH was determined by measuring the
potential of the H microelectrode with respect to the Ag/AgC1 microelectrode with a high input
impedance (1015ohm) battery powered electrometer. The corrosion pot-ntial was determined by measur-
ing the potential of the zpecimen with respect to the Ag/AgCl microelectrodes and all potentials are
reported on the Ag/AgCI scale in volts. The speci'men, microziectrodes and electrometer are enclosed
in a Faraday cage to reduce the pickup of external electrical noise.

The pH microelectrodes were calibrated after conuitioning in 4.46 percent KCl by measuring the
potential with respect to a Ag/AgCI microelectrode in 4.46 percent KC1 solutions buffered to pH values

in the range of interest. The most common pH solutions ubi-d as standards for calibration were pH 2,
4, 6 and 8. A typical calibration curve with a slope of 58 millivolts per pH unit is shown in Figure 5.
Microelectrodes were discarded that produced less than 50 millivolts per pH unit, a nonlinear response,
or considerable drift between caiibrations. The Ag/AgC1 microelectrodes were calibrated by measur-
ing the potential with reference to a saturated calomel electrode. If the potential difference was between
35 and 45 millivolts and exhibited less than 5 millivolts drift in 24 hours, the Ag/AgCl reference
electrode was considered usable,

The load on the specimen was determined with a load cell and transducer and the load as well as
potential were recorded on a duel channel strip chart recorder. The stress intensity was calculated (5)
from the load by the expression:

p al/2 Y (a/W)

where P is the load, a is the crack length, B is the thickness, W is the height, and Y(a/W) is the
compliance correction given by (5) :

/\= 1.88 - 9.41 (,a) + 18.78 ()+ 18.78 ()2 - 38.48 / + 53.8 (~4

Selected fracture surfaces were examined by transmission electron microscopy using two-stage,
plastic-carbon replicas. The plastic replicas were shadowed at 450 with platinum - 20 percent
palladium to enhance surface relief and carbon was applied normal to the plastic replica. Corrosion
products were removed from the fracture surface by making several plastic replicas that were dis-
carded and a final plastic replica that was shadowed and examined.,



I 9-3

RESULTS

For comparative purposes, the stress corrosion resistance of 2024-T3 and 7075-T651 aluminum
alloys was detcrmined using center poecracked, sheet tension specimens exposed to 3.5 percent sodium
chlox ide. The stress intensity below which failure did not occur in 100 hours, KISCC, was determined
by loading speciLmens to a given stress intensity and recording the time-to-failure. The values of KISCC
determined were 17 ksi in. for 2024-T3 and 11 ksl/iin. for 7075-T651. Thp values of KISCC were
probably slightly higher than the values obtained under valid plane strai,, Jitions because of the use
of subsized specimens. However, the values agree reasonably well with results of other investigators.

The results of potential and pH measurements on aluminum alloys exposed at various stress
intensities are summarized as follows:

Al 1100-0

Al 1100-0 is commercildy pure aluminum and is generally considered immune to stress corrosion
cracking. Figure 6 shows the results of microelectrode studies with pH and corrosion potential behavior
at various stress iatensities shown as a function of time. The pH is given in terms of depth above (+) or
below (-) the base of the notch in microns. At low stress intensities, the corrosion potential reached a
steady stAte value of -0.750V (Ag/AgCI) and the pH was relatively constant when going 1000 microns into
the bulk solution to 250 microns into the hole drilled at the base of the notch. When the stress intensity
was increased to 11 ksi /in., a pH gradient developed with a one pH unit differei~ce between the bulk
solution and the crack tip and the corrosion potential shifted to -800V (Ag/AgCl). This gradient in pH
quickly disappeared (within 10 minutes) indicating the anodic reaction at the base of the notch could not
be sustained. Additional increases in stress intensity resulted in small (10 to 20 mV) jumps in corrosion
potential in the active direction and a return of the pH gradient. Again, the gradient disappeared within
10 minutes and the corrosion potential rapidly returned to the value before the increment of stress
intensity was added. If sufficient time between increments in stress intensity were allowed, the corrosion
potent'al returned to -0.750V (Ag/AgCl) or the value before stressing.,

Al 2024-T3

KISCC for Al 2024-T3 was determined as 17 ksi/in. and is, therefore, susceptible to stress
corrosion at higher stress intensities. Figure 7 shows the pH and corrosion potential at various stress
intensities below and above KISCC as a function of time. Below KISCC, no pH gradients developed, the
corrosion potential reached a steady-state value of -0.700V (Ag/AgCl) and increases in stress intensity
had no effect on the corrosion potential. Above KISCc, pH gr;3dients developed and persisted as long as
the stress intensity was maintained above KISCC. Increases of the stress intensity above KISCC resulted
in active jumps in the corrosion potential with the peak potential exceeding -1.0V (Ag/AgCl). The
corrosion potential quickly returned (2 to 5 minutes) to the original value before the increment in stress
intensity. Just prior to final failure, the stress intensity was increased with a resultant jump in corrosion
potential. The potential rapidly decayed to within 20 mV of the value before stressing then shifted in the
active direction to about -0.800V (Ag/AgCl). This shift in corrosion potential was accompanied by a
drop in stress intensity. Finally, the corrosion potential began to shift in the noble direction with the
corrosion potential at -0.750 (Ag/AgC1) at the time of failure.

Al 5456-H343

Al 5456-H343 is generally considered susceptible to stress corrosion in chlorides. The results of
microelectrode measurements are shown in Figure 8. Large pH gradients were noted at stress
intensities as low as 8 ksl /ii. and a difference in behavior from earlier alloys was noted. The bulk
solution pH rose to pH 9 while the pH of the solution in the hole decreased to a value of 5.7 from the
initial bulk solution value of 6.5. After about 30 minutes, the pH gradient disappeared and the bulk
solution increased to a value of about 7.8. The solution was replaced with fresh solution of pH 6.0 and
the test continued. At higher stress intensities, the pH gradients again developed with the bulk solution
pH increasing with time and the crack tip pH decreasing with time. Finally, after a large crack had
formed, copious hydrogen evolution was noted, and this hydrogen evolution caused a mixing and a
reduction in the wagnit'de of the pH gradient.

Al 5456-H117

Alloy 5456-HI17 has been deeloped for its immunity to stress corrosion by reducing the number of
intergranular precipitates. The results of microelec~rode measurements are shown in Figure 9.; Even
at 4 ksi/iin., large pH gradients were developed shortly after application of a load. The crack tip pH
was about 4.7 while the bulk solution pH increased to 8.5 to 9.0. After 10 to 15 minutes, the pH gradient
disappeared and did not return until ,e stress intensity was increased whereupon it once again
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disappeared after about 10 to 15 minutes. The solution was replaced with fresh solution of pH 6 after
leveling off as the bulk solution pH had increased to about 8. At higher stress intensities with fresh
solution, the crack tip pH reached a value of 4.3 with the bulk solution pH of 6. However, afte- 10 to 15
minutes, the gradient disappeared and the solution pH slowly shifted to higher values. At very high
stress intensities, i.e., 26 ksi/iin., the crack propagated mechanically to an extent that the applied stress
intensity dropped by 150 ksi /i,. before the crack arrested. Even at the higher stress intensities, crack
propagation could not be sustained.

Al 7075-T651

KLqCC for Al 7075-T651 was determined to be 11 kssiri. R,,sults of microelectrode measurements
are shown in Figure 10. At low stress intensities, below KISCC, no pH gradients developed. At a stress
intensity above K1 9CC a pH of 3.8 at the crack tip was reached. The bulk solution pH at this stress
intensity alfo decreased to about pH 5. At ? 7 ksi /i,. with fresh solution, the crack tip pH was 5 while
the bulk solution pH reached 8.2. Finally, at 36.7 ksi /i., copious hydrogen evolution produced mixing
of the solution in the crack and leveled the pH gradient at about pH 4. Also noted were the active shift
in corrosion potential with increases in stress inter sity. Failure followed shortly after this leveling.

A specimen of 1020 steel was also examined asing the microelectrode technique as snown in Figure
11., The 1020 steel showed pH gradients both at low stress intensities and at high stress intensities. The
pH at the crack tip reached a minimum value of about 4.7 while the bulk solution pH 1,'s never higher
than 6. Also, increases in stress intensity caused a much smaller active shift in currrsion potential.
The corrosion potential did show a slow, active shift as the crack lengthened.

Fractography

Transmission electron micrographs of tw, -stage, plastic-carbon replicas of selected fracture
surfaces were taken to substantiate that s• ross ct,.rosion crack growth and the development of pH
gradients could be correlated. A specimen of 2024-T3 was stressed to 28 ksi /fl, in 4.46% KCl ani
microelectrodes inserted. As soon as a pH gradient developed, the solution was removed and the speci-
men mechanicaily broken open. A replica of the fracture surface just below the notch root w2 s taken as
shown in Figure 12. The fracture was intergranular with evidence of secondary grain boundary cracks,
typical for stress corrosion of aluminum alloys in chloride environments.

Some question existed concerning the development of pH gradients for Al 1100-0 and Al 5456-Hl17,
since both alloys are considered to be immune to stress corrosion. Figure 13 shows a micrograph of
a fracture surface after microelectrode measurements on 5456-H117. Indications of intergranular
stres. corrosion are clearly evident on the fracture surface (Figure 13a) in contrast to the dimple
rupture (Figure 13b) on the area of the fracture surface produced by mechanical crack propagation.
Figure 13c shows the grain boundary structure with only random grain boundary precipitates present.

Finally, replicas were taken to correlate the jumps in corrosion behlavior with fracture mode.
Figure 14 shows the fracture surface from a specimen of 7075-T651 showing a region of predominately
dimple rupture between two regions of quasi-cleavage. The dimple rupture area was formed by mechani-
cal crack propagation and exposed unfilmed metal to the solution. The potential immediately jumped to
about -1.8V (Ag/AgCl). Once the area repassivated, stress corrosion proceeded.,

DISCUSSION

The results of this program show several observations that are specific to stress corrosion of
aluminum alloys: (1) crack propagation is always associated with acidification at the crack tip;
(2) increases in stress intensity cause rapid jumps in the corrosion potential only when the stress in-
tensity is above KISCC; and (3) the corrosiozn potential drifts in the active direction if extensive crack
propagation oc ',as. Furthermore,, the microelectrode technique has been shown to bP. very sensitive for
determining the susceptibility of aluminum alloys to stress corrosion cracking. Each of these aspects
of stress cx-crosion will be discussed as follows,

The acilification associated with stress corrosion crack propagation was originally predicted by
Edeleanu and Evans (3) and extended by Sedricks et al. (4). The anodic reaction is originally:,

Al = Al43 + 3e

IC
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while several possibilities exist for the cathodic reation:

3H +3e = 3/2H 2

3/40 2 +3/2H 20+3e = 3OH-

3/4 02 +3H++3e = 3/2H 2 0
3/2 H2 . 30H- = 3H 20+ 3e

all of which remove hydrogen ions from solution. When the solubility oroduct constant for aluminum
hydroxide is exceeded, the anodic reaction becomes Al + 30H7= Al (OH, 3 + 3e and a constant pH results.
This pH has been calculated by Edeleanu and Evans (3) and Sedricks et v,. (4) from the expression:

pH = - log (K -3 - + 3

where Kw aid K are the solubility product constants for the dissociation of water and the formation of
insoluble hydroxide, respectively, and [Al+3 ] is the concentration of aluminum ions in solution. Hence,
the pH depends only on the aluminum ion concentration in solution, all remanitrvg terms being constants.

The present results indicate acidification occurs close to the crack tip while an increase in pH
occurs at some distance from the crack tip. The reason for a difference in pH for different distances
from the crack tip is that anodic and cathodic reactions are separated by a finite distance. Once
precipitation of aluminum hydroxide begins, the pH stabilizes both at the crack tip and in cathodic areas.
Hydroxide produced at cathodic areas is consumed by hydroxide formation in anodic areas and a steady
state ts achieved. Measurement of the pH can be used to calculate the concentration of aluminum ion in
solution.

The rapid shifts in corrosion potential accompanying increases in applied stress intensity were only
observed when the final stress intensity was above KISCC-on aluminum alloys. The increase in stress
intensity apparently ruptures the passive film, exposing unfilmed aluminum to the solution. Film forma-
tion is rapid and the corrosion potential returns quickly to the value that existed before the stress
intensity was increased. Electron micrographs of the fracture surface indicate zones of quasi-cleavage
tyoical of stress corrosion, separated by zones showing dimple rupture typical of mechanical crack
propagation as shown in Figure 14 to substantiate that unfilmed metal was exposed to the solution. Since
this hehavior occurs only above KISCC, apparently KISCC is the stress intensity required to rupture the
passive film.

The flow active drift in the corrosion poteritial accompanying crack propagation was originally
observed during stress corrosion of stainless steel in hot chloride environments. The explanation
generally given for this type of behavior is that an increasing area of active crack tip is exposed to the
solution, giving a more active corrosion potential.

The final aspect of the present program to be considered is the ability of this technique to evaluate
materials concerning susceptibility to stress corrosion cracking. Of the alloys examined using micro-
electrodes, 5456-HI17 is considered immune to stress corrosion while 7075-T651 is considered very
susceptible.; Comparison of Figure 9 after 2.5 hours with Figure 10 at 70 hours shows the pH profile
down a stress corrosion crack shortly after the application of stress for both alloys. As can be seen,
the profile is very nearly the same for the two materials, indicating both are susceptible to stress
corrosion., About 10 to 15 minutes after the application of the stress, the behavior of the two materials
was quite different. The pH gradient on 7075-T651 had not changed while no pH gr~dient was observed
on 5456-Hl17. This behavior indicates that crack, will initiate and propagate on 70".-T651 while cracks
will not propagate on 5456-Hl17. This behavior is similar to the behavior observed by Sprowls for
actual exposure tests.,

The results of this investigation indicate that a film rupture-anodic dissolution mechanism is
operating during stress corrosion cracking of aluminum alloys, Two observations have led to this con-
clusion: (1) the behavior of the corrosion potential with increases in stress intensity; and (2) the decrease
in pH associated with crack propagation. Increasing the stress intensity does not affect the corrosion
potential unless the final stress intensity is above KISCC. The effect is to cause a rapid active shift in
the corrosion potential. This behavior has been interpreted such that KISCC is the minimum stress
intensity require, to rupture the film. The decrease in pH near the crack tip can only be associated
with anodic dissolution at the crack tip. The only way that a decrease in pH can occur is for aluminum
ions to be produced and hydrolized. Hence, with the above observations, a film rupture-anodic
dissolution mechanism appears most plausible.
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STRESS COR•SION TESTING OF WSUN JOI1TS

By f. a. Gooch

SMOL~SIS

Service stress corrosion failures are frequently associated with welded joints. The present paper
outlines the technique used at The Welding Institute for assessing the stress corroesi behaviour of
weldments, and girea mA illustrative results. Reference is made to aspects of weld testing requiring
particular attention.

1, INTRODUCTION

Stress corrosion cracking (SCC) in likely to be particularly associated with welded joints in consequence
of a number of factors. Unless the structure is effectively stress relieved, tensile residial stresses
will remain in the weld area, while the irregular weld reinforcement will provide a stress concentration,
and favour hideout of aggressive chemical species in the environment. Further, the welding thermal cycle
may induce metallurgical changes causing local susceptibility to SCC greater than that nf the parent
material. Since welding is the most comon method of fabrication of metallic structures, it is imperative
that attention be paid to the SCC behaviour of welded joints during a material development or evaluation
programe.

The applic&tion of fracture mechanics principles uaing ore-cracked specimens offers a number of
advantages in SCC testing of welded joints. The conditions necessary for propagation of a weld defect
by SGC can be determined, and related to the type and orientation of defects that may be encountered in
rractice. Further it is p-ssible to site the pre-existing defect in any region of a test weld, and assess
the SCC behaviour of that region independently of defects elsewhere.

An investigation is in progress at The Welding Institute to study the SCC behaviour of welded joints(1).
Attention has been paid to quantitative assessment of the susceptibility of weldments in a range of
transformable steels, and also to the cause of failure and the effects of material composition and micro-
structure. The present paper outlines the SCC testing approach adopted, and gives some illustrative
results.

2. EXPERIM•TAL TMMQUX

2.1. General Approac.

SCC testing is carried out using single edge notched (52) specimens, stressed in 3-point bend. The
corrodents generally employed are 3% NaCl or simulated seawater as representative of media causing SCC of
"!ardenable steels.

KQSCC* determinations are made conventionally using a number of specimens, each stressed at constant
load, although an incremental loading technique has been employed and found to give similar results.

2.2. Specimen Preparation

When testing welded joints, two distinct methods of specimen preparation are adopted, namely deposition
of an actual weld, or weld simulation. Vte former is essential if weld metal studies are to be carried
out, but it may be difficult to directly teat the heat affected zone (HAZ) of a single pass weld, since
weld and specimen dimensions may prove restrictively small. In such cases weld simulation is particularly
useful, as single run microatructurea -an be reproduced in a convenieutly sized specimen.

2.2.1. Weld Testing

The welding technique normally employed in illustrated in Fig. 1. A K-preparation is used, with a
buttering technique, to give a planar through-thickeess HAZ, an shown in Fig. 2. The completed butt weld
is machined into S12 specimens, and the pre-existing notch sited in the region of interest. TLe fatigue
crack tip can generally be pritioned to within a 1 m radius without the necessity for side grooving.
However, the precise area of the weld sampled by the fatigue crack tip is positive',y identified after 8CC
testing by hardness measurement and metallographic examination. The results obtii.ned can thus be
correlated with each region of %he weld.

2.2.2. Simulated Weld Testing

The thermal cycle associated with welding my be siaulated in one of three ways, via:-

i) Isunace simulation, followed by quenching in a suitable medium.

This is useful for the production of large epecimens, but it my be difficult to
achieve the high heating and cooling rates encountered in an actual weld. It may
further require considerable experimentation on heat treatment conditions to accurately

'It is not always possible to define the yield strece of a given region of a weld; thus, although plane
strain conditions are aimed at for parent material, it is not certain that these are obtained in weld
testing.

~12.1
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renradce the requited IVA m.crostructure.

14) Use of a Weld Thermal Simlatoe.

By electrieal resistance or induation. beating a specimen held In high heat vink tipo,
hig beating and cooling rates can be obtained, programew to reproduce a given weld
thermal coyle((2). Typically, specimen, of 10 x 10 n oroms-soction can be prepared,
although sme limitation cm cooling rata mot be accepted, together with the necessity
for experiinitation to reproduce the desired microstructure.

Iii) Xectrom bees (U) welding.

UB welding mnA be used in its a right as a fabrication process, and specimen SC welds
produced having pionar RAUe with no neckority for weld preparation. The process also
enables high coolin,; rates to be obtained by virtus of a large heat sink adjacent to the
weld bead. Thu-. AB welds may be prepared to give RAUs of maximum hardness in relatively
large specimens. The method is particularly applicable to alloys of low hardeambility, to
reproduce the severe practical case of the hard microstructures found adjacent to smell weld
beads deposited under ocnditions giving rapid cooling.

0. SULMST

3.1. Typical MC dat

Tables I to 3 show material compositions, heat treatment and welding conditions representative of those
studied at The Welding Inustute. Associated =CC data obtained using the above teohniques are given
in Table 4, and illustrate the discrimination possible between various regions of welds made by a variety
of processes.

3.2. Overall findings

Reults so far obtained on welded joints in a wide range of ferritic steels hawv enabled the following
general conclusion, to be reached:-

i) Differentiation must be made between low alloy steels, and low carbon precipitation
hardening materials.

ii) With alloys giving marked HAZ hardening, post-weld heat treatment is essential to
restore SCC resistance. If such treatment is not applied, increased SCC susceptibility
will be found in the transformed HAZ, although softening associated with the sub-critical
HAZ my deoiease the susceptibility of this region.

ili) With low carbon precipitation hardening alloys, the susceptibility of the softened,
an-welded, transformed RAZ will probably be a little higher than that of parent material.
However, post-weld heat treatment to restore HAZ mechanical properties generally results
in a HAZ WC resistance comparable with that of parent material.

iv) If post-weld heat treatment is not applicable, the use of a temper bead welding technique
is recommended.

v) The necessity for post-weld heat treatment is dependent on the HAZ microctructure(3)

.f twinned martensite is formed during the welding cycle, SCC susceptibility increases
markedly, and a tampering treatment becomes essential. Other martensites have comparable
and higher SCC resistance. This is illustrated by reference to Fig. 3-.

M, UERAL CW4MMMT

It is well recognised that loss of fracture toughness associated with SOC may result in a very high
sensitivity to defects. This is particularly appa.eut if welded joints are considered, and RISCC
values obtained e1perimen Ally are expressed in terms of a defect tolerance parameter by, for example,
the general relationship

K F. -a
where e'K, • at, and 'a' have the usual meanings.

However, it is difficult to define a value of stress applicable to weld joints in servi-s. It can be
appreciated that allowance should be made for design loading, teeidual contractual and transformation
stresses, and t~eometric stress concentrations, but as yet it is only an approximate resultant stress that
can be obtained. Prudence dictates that any approximation should be conservative, and thus di zct
quantitative application of KISCC data to obtain a defect tolerance may result in a defect size for a
weldnent that is prohibitively, and perhaps unrealistically, small. While KISCC data rztdily enable
comparison to be made between areas of a weld, or between different materials, it must be recomended at
the present time that conventional SCC testing of welds representative of practice be undertaken conjointly
with pre-cracked specimen studies. It is remarked that such testing is further desirable to ecable
assessment to be made of the contribution of service corrosion and pitting etc. to SCC initiotion.
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When SO testing welded Joints, referemce must be made to volding process and coditiomUes. Iis is
particularly tU-e In the coanstruct-um field, where poet-wld beat treatmant is seldom rimp•lmie, and
welding teoMIquo larpl~y determians US and weld metal icrostructure, and associated SOC smuseptih• ity.
Does if post-weld beat treatment Is applied, proces and ocditicea must be considered particularly since
wld metal composition, Inclusion distribution etc. will vary from process to process.

Reoognitioe should also be made of the effeots of service eovirommunt an MO behaviour. The came
of Bch. of high strength steels Is In, dispute, but vo•.at The Welding Instliate has indicated failuwe In
the general cae to be duo to hydrogen embrittleontV). The amount of hydrogen entering a steel structure
in service ý dep, om the euvirommeat, and allowance for this should be made during testing. As an
illiMtratiom, Snpes'S' found 6-7 fl/lO0g of hydrogen in steel exposed to an .cid 128 test solution for 7 hre.
At The Velding Institute, only 2 al/100g ma found after exposure to 3% 1a.L after 1000 hr., indicating
this common test solution to be by no mum an eauiromment causing most eubrittsMment. At the soe time,
comparative data obtained in 3% NaCIL should be generally applicable unless service corrosion of a given
alloy differs markedly, in, for example, tendency towards pitting etc.

REFE]WCES

I* Velding Institute Research Investigatioms 7022 and 3239.

2. VIDMY, D. J. Net. Constr. and BV.Jo, It 7, P. 328 (July 1969).

3. ODOMR, T. 0. Voiding Institute Confidential Report C239/7/70.

4. 00OC=, T. G. Welding Institute Confidential Reports /•41/69, C239/2/69 and subsequent unmpublished
work.

5. SIAP, 1. Corrosion, 12, 6, p. 151* (Uwe 1967).

6. CANE, m. V. F. Unpublished work.

PC 779-1

C) d;
Fig, 7. K'ereparation welding procedure (a) Ioint preparation, (b) one side buttered with weld metal, (ri jownl lompleted, anl,
(d) loint in clhied and notched as required.
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Table 1. Material analyses.

Element Wt, %

C Si Mn Ni Cr Mo Cu V Ti Co

RS 140 0.39 0.30 0.51 0.30 3.0 1.o6 - 0.20 - -

FV 520 0.07 0.4.5 1.26 5.57 15.3 1.73 1.7 - 0.15 -

18 Ni 0.009 0.005 0.09 18.0 - 3.19 - - 0.31 9.25

HCll o.45 0.8o o.47 1.74 1.32 0.94 - 0.25 - -

Table 2. Haat treatment conditions.

Heat treaemezt Parent material mechanical properties

Steel
Before welding After welding Hardness Yield stream

HV 200 N/rn 2  (tonf/in2 )

RS 140 00°C 1 hr : T 6009C, 1 hr AC 442 1150 (75)T I00d 1 hr AC

1050-°C, 5 min AC: 7rOOC, 2 hr AC:
FV520S1  7500C, 2 hr AC: 0OC, 2 hr: 410 1140 (74)

200C 2 hr. PH 450°C, 2 hr AC

i8%Ni 8200 C, 1 hr OQ: PH 480°C, hr AC 408 1230 (80)

PH 480oc, 3 hr AC

NCMV 920°C 1 hr OQ: T350°C, 1 hr AC 460 1630 OW

T 3501C, 1 hr AC

Notes: * Mean of 10 determinations
+ Mean of 3 tests
x With electron beam welding, post-weld heat treatment was -70 0 C, 1 hr:PH4500 C, 2hr AC.

OQ = Oil quenched to ambient temperature.
AC = Air cooled to ambient temperature.

T = Tempered.
PH = Precipitation hardened.

a) OC 2286 b) OC .285

Fig. 2. s.4ample weld. (a) am buttered, x 2, (b) completed x 3.5

1.4
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Fig. 3. Relationshlp between hardness end detect tolerance, calculated from K. 0 where a s tihe
samptle yield stress, or an approximation after A. W. F. Cane (6).
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SUMMARY

For five high-strength alloys, susceptibilities to the propagation of stress-
corrosion cracking (SCC) have been assessed. Using 3. 5% NaCl solution as the
medium, both parent and weld metals were investigated. Specimens were studied
under freely corroding conditions, and also cathodically protected at the potentials
given by cadmium and by zinc sacrificial anodes. The well-known cantilever test
was used; the test specimens,cut from 1/2- and 3/4-in. plates, were bars nitched
on both the sides and the top. Prior to tests, a pre. crack was always produced at
the base of the top notch by fatiguing in air, The equipment was designed so that
specimens, loaded as cantilevers, were broken by means of a steadily rising load.
This was appliee by dripping water at a constant rate into a container suspended
from the end of the cantilever beam.

Results were reported in term, of the nominal stress intensities K* at
fracture. While, strictly speaking, oniy of qualitative significance, reproducibility
of the K* valut s was good and the effects of metallurgical and environmental factors
could be readij I estimated. For example, it appeared clear that for each of 18%
Ni (200) mar:,ging, HP9-4-25 and HY 140 steels, resistance to SCC propagation is
noticeably impaired by cathodic protection at the potential provided by zinc, i. e.,
about - 1. 05 volts saturated calomel electrode (SCE). Resistance t, -racking is
considerably greater than this at the potential provided by cadmiumA, i. e., about
-0.75 volt SCE. For the maraging and HP9-4-25 steels, weld metal is notch-
sensitive under dry conditions and is considerably less resistant to SCC than parent
metal. Titanium 6211 and inconel 718 are both highly resistant to SCC propagation
under 4ll test conditions investigated.,
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SCREENING TESTS OF SUSCEPTIBILITY
TO STRESS CORROSION CRACKING

i G.J., Biefer and J. G. Garrison

INTRODUCTION

The Physical Metallurgy Division (PMD) of the Canadian Department of Energy, Mines and
Resources became involved with the stress-corrosion cracking (SCC) of high-strength materials
because of its close working relationship with the Canadian Department of National Defence. In
particular, we have been connected with the Canadian FHE -400 prototype Hydrofoil Craft. The
material chosen for the foils system of the Hydrofoil was 18% Ni (250) maraging steel, which has a
yield strength of 250, 000 psi. However, there have been operational difficulties because of stress-
corrosion cracking of the foils in sea water, much of the cracking being of the hydrogen-embrittlement
type. It therefore appeared that a more crack-resistant alloy would have to be used if more hydrofoil
craft were to be constructed.

Consequently, the Canadian Navy asked PMD to investigate a number of alternative high-strength
materials which might be used instead of the 250 grade maraging steel in future Hydrofoils, or in other
demanding marine applications. An important part of this investigation was "n assessment of SCC
susceptibility. We decided to use the SCC test developed by B., F. Brown (J), in which notched, pre-
cracked metal specimens are stressed in :antilever bending. To economi-ýe on technician operating
time and also on total lapsed time in the tests, we decided to fracture the specimens by application of
a steadily rising load.

EXPERIMENTAL

The alloys selected for study were those described in Tablec, 1 awd 2, Both parent and weld
metal were investigated. The welding was carried out at PMD and was TIG, exc,!pt for the titanium
alloy, which was pulsed-arc MIG. Both parent and weld metal of 200 grade maraging steel had been
aged at 900'F prior to testing. Inconel 718 plate had been received in the solution-treated condition;
specimens cut from this plate had then been given a two-stage ageing treatment at 1325°F then at 1150°F,
before testing. The Inconel 718 welds had been solution treated at 2000'F; the specimens had then been
machined and the ageing treatment performed as for th parent specimens. No heat treatments had
been gi' en to the other three alloys tested.

Our test specimens, similar to those used by B. F, Brown and co-workers, have been bars
6 to 8 in. in length cut from 1/2- and 3/4-in. plate, the lengths of the bars being in the rolling direction
and their depths in the direction of the plate thickness. Weld metal speciment were cut with their

lengths transverse to a butt weld, As shown in Figure 1, the bars were notched on their sides and also
on their upper surfaces; weld metal specimens were notched on the weld centre pla.ae. Prior to tests,
specimens were always pre-cracked in the upper notch to a depth of 0. 010 to 0. 030 in. by fatiguing in
air. The pre-crack plane, therefore, was normal to the L direction of the plate; when the specimen was
stressed, the crack would be expected to propagate in the T direction (LT crack),

Specimens were mountvd in the test rig by clamping one end to a solid vertical post, and the
other end to a cantilever arm. The specimen was then stressed to failure by adding water, at a constant
rate, to a container hanging from the end of the contilever arm (Figure 2). The water had been trans-
mitted from the main reservoir through a siphon tube, the upper end of which passes through a float
within the reservvir. The water .hen exits through a delivery nozzle which is alwayo the same vertical
distance below the surface of the reservoir. Therefore, the driving hydraulic pressure remains
constant as the reservoir empties, keeping the rate of flow of water into the container constant. By
inserting nozzles with different internal diameters, steady loading rates in the range 0. 125- 360 lb/hr
are obtainable. It was found necessary to add a germicide to the water, to prevent a build-ap of
organic growths from clogging the nozzles and reducing flow rates.

For all materials, specimens were first of all broken dry, the loading being carried out at a
rapid rate which will be specified later. Fracture of the rpecimen and consequent descent of the con-
tainer operated a micro-switch which then activated a cut-off valve in the siphon line and also de-
act-vated a timer,. Pre-crack depth was then measured on the fracture face and, along with the total
breaking load, was used to calcLtate the iiominal stress intensity at fracture K* according to the
equations shown in Figure 3. K* is obtained using t e equations given by Brown (1) for evaluating Kil
but includes the correction for the side notching B as proposed by Freed and Krafft (_),

In most cases, specimen dimensions did not provide plane-strain conditions according to the
criteria proposed by the ASTM (3) and hence the K* values we obtained on dry specimens cannot be
considered to have the significance of true stress intensities. However, K* is directly proportional to
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the load at fracture, multiplied by an essentially geometrical term, so it appeared acceptable to
use it in a purely comparative way, to reveal large differences in behaviour caused by environmental
changes.

After testing under dry conditions, K* was then measured for specimens broken in contact with
3.5% NaCi solution. This was done in the usual way by enclosing the specimen, in the notched area,
with a plastic bottle containing the solution, which was replenished at a rate of about 5 liters/day.
Specimens were tested under free-corrosion conditions, and also cathodically polarized, by means of a
bar of cadmium or of zinc immersed in the specimen vessel and connected externally to the specimen.
Despite the replenishment of the 3. 5% NaCl solution, the use of the sacrificial anodes sometimes
caused rises in pH, in an erratic fashion, From occasional sampling, in tests which had lasted over-
night or longer, pH was 5.3 to 7.6 for solution in contact with freely corroding specimens. When
specimens were coupled to zinc, pH values were usually in the range 6.3 to 7.5, but a few readings in
the range 8.0 to 8.7 were obtained. For specimens coupled to cadmium, pH values were often higher
than 9.0, and lay in the range 6.1 to 9.6**.

In our initial rising-load tests in 3.5% NaCl solution, for the most part on 250 grade maraging
steel, we had found that the K* values obtained were highly dependent upon specimen loading rate 4).
K* also tended to be higher than the threshold value KLSCC, because it was affected by such factors as
induction periods, slow crack propagation during loading, and crack branching or delamination along

- the plate rolling plane. At rapid loading rates, the latter factors could even yidld artificially elevated
* K* values which were considerably higher than K* 0 Atermined under dry conditions. However, it was

found that wet K* values became lower and more consistent as the specimens were loaded more slowly.
In contrast, the results obtained with dry specimens were more or less unalfected by loading rate,

On the basis of this earlier experience, standard test conditions were selected. The initial

load, deriving from the cantilever beam, the empty container and its supporting straps, etc., was
generally in the vicinity of 20 kpsi/in. For the most crack-susceptible alloys., a lightweight container
giving an initial load of about 10 kpsi mi, was used. The loading rate employed for dry specimens was
such that the stress intensity increased by 2-4 kpsi in. mrin. For tests in 3. 5% NaCl solution, a much
lower rate of increase in stress intensity was used - - 0.005 to 0. 010 kpsi fin. /min. Therefore, for
example, a dry test might be over in 20 min, while a test in 3. 5% solution might last as long as 200 hr.

RESULTS AND DISCUSSION

Table 3 presents the results obtained, in terms of K* values, for the alloys studied. Results
are given for both parent and weld metals broken dry, freely corroding, and coupled to cadmium or to
zinc. Some of the trends indicated by these data are the following:

1. As freely corroding parent metal, the 200 grade maraging steel has very little tendency to
propagate stress-corrcoion cracks, but can be hydrogen-embrittled at the potential supplied

by zinc, As recommenc..,d by International Nickel Co., we had used the 250 grade wire for
welding this alloy; weld properties, as shown by our work, were definith.y inferior to those
of the parent metal.

2. The HP9-4-25 steel tested appeared to be generally less resistant to crack propagation
than the 200 grade maraging steel. In particular, it was highly susceptible to hydrogen-
embrittlement cracking. The weld metal showed inferior properties and was exceptional in
that it showed crack propagation at an angle to the elane of the pre-crack.

3. When freejy corroding, both parent and weld metal of HY-140 were quite resistant to crack
propagation, and resistance was even greater at the potential supplied by cadmium,
However, there was evidence of hydrogen embrittlement at the potential supplied by zinc.

4. Inconel 718 parent metal was resistant to crack propagation under all test conditions. The
solution-treated and aged weld metal was also resistant.

5. Titanium 61lI was resistant to crack propagation under all test conditions, as both parent
and weld metal. There was a tendency for the free-corrosion K* values obtained for the
parent iretal to be slightly higher than &he dry K* values. From examination under low-
power 6tereomicroscope, Chis appeared to result from delamination in the rolling plane near
the pre-crack tip, which hal a slight "crack-blunting" effect.

6. With respect to the three high-strength steels, it appears that their worst deficiency is a
susceptibility to hydrogen-enmbrittlement cracking at the rather negative potentials usually
used in cathodic protection systems in sea water. These may be in the vicinity of the
potential given by zinc, or even more negative. For the 200 grade maraging and the
HP9-4-25 steels, there seems to Lý a rather severe lowering of properties in welds.

** For saturated Zn (OH)2 solution the equilibrium pH value should be 8.3, whereas for saturated
Cd (OH)2 it should be 9. 3.Iý
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Other comments could be made, and other examples of its application cited, but the foregoing
data are considered sufficient to show that the rising-lcad cantilever test is a reasonably good screen-

ing method for testing susceptibility to stress-corrosion crack propagation, in that useful preliminary
information can be gained regarding the probable effects of metallurgical and environmental variables.
More extensive and quantitative testing can then be carried out in the areas of greatest interest.
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TABLE 1

General Description of Alloys

Additional Nominal Parent Metal
Source and Shipping Heat Treatments YS, Hardness,

Alloy Slip Identification Given kpsi Rc

18% Ni (200) Cameron Iron Works, Camvac 200, 3 hr at 900"F 200 44
maraging steel 1/2-in. vacuum-melt plate, solu-

tion annealed at 1500*F for 1 hr.

HP9-4-25 steel Republic Steel Co., 3/4-in. None 190 44.5
vacuum-melt plate, quenched and

tempered at 1000"F.e

HY-140 steel U.S. Steel Co., 3/4-in. plate None 140 34.5
from heat 4P1435, heat-treated to

150, 000 psi yield strength.

Inconel 718 Huntington Alloy Products 8 hr at 13250F, 166 40,,5
Division ef International Nickel Co, then cool to '
I/2-in. annealeod plate from heat IIS0°F and hold
HT-43A8EV., at this tem-

perature 8 hr.

Titanium 6211 Reactive Metals Inc., 1/2-in. None 110 33.1

plate from heat 303065.
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TABLE 2

Analyses of the Alloys, %

SOther
Alloy C Mn Si S P Cu Co Cr Mo Ni Elements

18%Ni(200) 0.01 0.05 0.01 0.007 - - 8.57 - 3.24 18.81 Al 0.07

maraging B 0.004
steel (a) Ti 0.19

Zr 0.004

HP9-4-25 steel (a) 0.27 0.21 0.02 0.014 0.005 - 3.86 0.39 0.51 9.48 V 0.08

HY-140 steel (b) 0.11 0.83 0.24 0.008 0.007 0.07 - 0.52 0.50 4.78 Ti 0.001
V 0.08

Inconel 718 (b) 0.05 0.07 0.18 0 007 0.07 0.08 19.03 3.02 51.10 Al 0.57
Fe 19.50
Nb 5.20
Ta 0.04
Ti 1.6

Titanium 6211 (b) 0.02 0.005 1.1 Al 6.0
Fe 0.18
N 0.009
Nb 2.2

i Ta 0.,95

(a) Analyzed at the Canadian Department of Energy, Mines and Resources.
(b) Analyzed by the Supplier.

TABLE 3

Nominal Stress Intensity K* at Fracture

Nominal K*, kpsi /"in.
YS, Freely Coupled Coupled

Alloy kpsi Dry Corroding to Cd to Zn

18%/ Ni (ZOO)
maraginU steel, parent ZOO 121.5, 114 118 ,:118.5 106 .,99.4 52.5, 50.0

weld 6Z 56.5 45.1 47.3 57.4 55.5 33.4,, 30.9

HP9-4-25 steel parent 1 06 , 108.9 67.6 ,,57.2 94 .115 28.5, 22.4

weld 71.4, 81.3 36.9 ,41.0 37.9 42.3 18.3, 24.3

HY-140 steel parent 140 122.3, 122.4 107 ,: 106.5 124.8 , 116.6 65.5, 69.1
weld 119.2, 122.5 100.5, 89 110.2 110.2 44.1, 54.2

Ineonel 718 parent 166 104.2, 109.8 93.6 , 103 - - 95.4,; 91.9
weld 108 , 108.8 113 , 108 - - 88.6, 85.8

Titanium 6211 parent 110 72.5, 69 79.6, 93.3 - - 84.4, 88.4
weld 81 , 74 79.7, 79, 74.6 - - 73 , 73.6

I3
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DN = Specimen Depth at Notches, in
L = Total Length of Cantilever Arm, in
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Figure 3. Equations used in this work.
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Results are present%.• of two studies, 1) effect of grain flow orientation on streps corrosion sus-
ceptibility of two titanium alloys and 2) stress corrosion tests of titanium electron been weldments.
I*-*&sis ts on test speclmens used and on sona properties of titanium alloys which have to be cons!-., •d
when conducting stress corrosion tests.
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STRESS CORROSION TESTING
OF TITANIUM ALLOYS

C.3. Nan

S. Goldberg

1NTRODUTIN

This paper vill cover testing experience peined in two studies. The first was concerned with de-
termining whether titanium alloys In thick sections exhibit the anisotropic stress corrosion behavior
characteristic of high strangth alloys. The second was to determine the stress corrosion behavior of
electron beam welded titanium alloys. Alloys studied were Ti-6A1-6V-2Sn, and Ti-6AI-4V.

KXdRIMITAL PROCEDURE

For the grain flow orientation study, titanium plates 1.75 inch thick (44m) of Ti-6Ai-6V..2Sn, and
2.5 inch thick(63m) of Ti-6AI-4V were tested In both the annealed, and solution treated and aged (STA)
conditions. Mechanical properties and heat treatments are given in Table I.

Notched C-rings were used for the specimen type, (Figure 1).(I) The directionality terminology
with respect to the rolling direction is shown in Figure 2. Two sizes of C-rings were used for the Ti-
6AI-0V, 1.98 inch (51m-) and 1.65 inch (42m). For the Ti-6A1-6V-2Sn, a 1.65 inch (42me) diameter ring
was used. The nuts and bolts were Ti-1O0A alloy.

The procedure for testing the C-rings was as follows:

(1) Strain gages were attached to the center of smooth C-rings of the smaw wall thicknesp do that
below the notch in the notched specimens. These rings were tested in compression to determi'.d load ver-
sus nominal outer fiber tensile stress by a simple Hook's Law relationship.

(2) Notched specimens were also testnd in compression to determine breakirZ, load in air. Load-
deflection curves were obtained.

(3) Notched rings were then loaded to desired percentages of b-4aking load (50-85%) by bolt
tightening to the corresponding deflection established by the loa$ deflection curves obtained in step
(2) above. Specimens were loaded in the testing environment #-. 3% MaCI solution to preclude repair
of the oxide film in the notch.

In the investigation into the stress corrosir., susceptibility of electron beam welded annealed
Ti-6AI-4V alloy, three type., of specimens were ýsad. Double edge notched tensile specimens and pre-
cracked cantilever bend spe cimens were fab-'cated from a 2 inch (55mm) thick weldment. The weld crown
end drop through on this plate were mevined flush. Figure 3 shows the manner in which the specimens
were removed from the plate. The ":ate had been stress relieved at 650C.

Four point bend spec'.edns, 0.25 Inch (6.3m) thick were removed from the face and root side of a
I inch (25.4mm) thick w-ýdment as shown in Figure 4, The weld crown and drop tiarough were left intact
on this plate so as .o provide stress raisers. This plate was not stress relieved.

The thrde types of specimens are shown in Figure 5. For the annealed 6AI-6V-2Sn alloy, only
procracked specimens were tested from a 0.5 Inch (12.7m) plate which had been stress relieved at 732C.

All the welds had been inspected by radiogiaphic, ultrasonic and penetrant methods and no flaws
were reported.

The double edge notched ternsile specimens wero subjected to a sustained load of various percen-
tages of the notched breaking strength (75-907,) in stress rupture rschines while exposed to 3V NaCI
solution.

The pre-cracked cantilever beam specimens were fatigue cracked in o..r Difficulty was encountered
in precracking because the face side of the weld tends to crack more r'apidly thfi: tn, .81nsite side.
The precracked specimens were immersed in 347 NaCl and then deadweight loaded in cantilever be.ia.
using the technique described by Brown (2).

On the four point loaded bend specimens, stresses on the outer fibcrs up to 130 kei were applied.
The deflection required for stressing the welded beam assembly is obtained by use of the following
formula:

do = 2-- (3L - 4a) where

da - change in the distance between the j...ea along the longitudinal axis of the bolts,in.
f - the required stress, psi
9 w modulus of elasttcity, psi
t thickness in.
L - leneth (center to center of bolts) in.
a - dlstan~ce from center of bolts to nearest flange of "H" section.

RESULTS OF GRAIN FLOW ORIENTATION STUDY

utmn-out times were zrbitrarily chosen as 200 hours, however any failure that occurred took place
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within thirty minutet. Results are smown in Figure. 6 and 7. The long transverse direction in annealed
material of both alloys was more susceptible than the longitudinal or short transverse directions. Fager
and Spurr observed similar behavior with Ti-SAl-lNo-lV using precracked specimens. (3) The STA condition
of both alloys exhibited no clear-cut directional differences.

It was found that epecimen. that did not fail at low load@ should not be subsequently stressed to
higher loads. Incremencal increases in loading resulted in failures at values near the failure stresses
in air. In other wv.de, incremental loading appeared to pre-condition the specimens to endure higher
loads.

Netall-,graphic examination of the annealed condition of both Ti-6kA-6V-2Sn and Ti-6AI4V revealed
that the P.ructure of the longitudinal and short transverse directions were similar; the long transverse
differe,ý from the other two directions. Nicroatructural differences however did not appear to account
for r,.* increased susceptibility of the long transverse direction.

AKSULTS OF ELECTRON BEAM WELDWITS STUDY

No failures occurred with the notched tensile specimens in 200 hours. Likewise none of the four
point loaded bond specimens failed in 200 or more hours.

Results with the precracked specimens are presented in Figure 8. The Ti-6A1-4V weldmnt had a

KI. value of 29.4 ksi -ni. as opposed to a KI value in eir jf 38.0 ksi fi• The Ti-6A1-6V-2Sn
welgnt had a Kiscc value of 22 ksi Tiii-n. as compared with P KT value in air of 36.9 ksi Th

As with the notched C-rings, incremental loadti" of the precracked specimens after a run-out of
200 hours, resulted in failures at stress intensities close to that in air.

DISCUSSION OF THE TESTING MTHODS

Stress corrosion tests are conducted for a variety of reasons, the reason frequently determining
the type of test. The type of specimen to be used is also frequently determined by the form and size
in which the metal is available.

For the grain flow orientation study it was necessary to obtain information for titanium that
coule be related to that already obtained for steels and aluminum alloys.

There is a general specification for design aud construction of aircraft weapon systems. This
document specifies that for high strength alloys used in naval aircraft, maximum allowable sustained
tensile stresses are 50? of the yield strength in the longitudinal direction, 35% in the long trans-
verse direction and 25? in the short transverse direction. Such limitations for titanium alloys were
questioned. The specificttion limitations were based on stress corrosion tests on smooth specimens of
high strength steel and aluminum alloys but titanium would not crack without a flaw of some kind.
This dictated the use of either pre-cracked or notched specimens. Notched C-rings were chosen for the
study because the limitations of plate thickness necessitated a compact specimen for short transverse
tests and because it is possible to obtain the nominal stresses at the root of the notch by using smooth
C-rings with the same thickness as that below the notch. It developed that at the breaking loads in
air, the nominal bending stresses at the base of the notch were considerably above the ultimate tensile
strength of the material. The maximum percentages of the breaking loads in 3A NaCI, which ranged from
55-80%, all represented values above the yield strength of the material. It was therefore decided that
a maximum allowable of 60% of the yield strength would be a conservative figure for all directions in
Ti-6AI-4V and Ti-6AI-6V-2Sn plate.

The study of the electron beam weldments was instigated by the need to determine the quality of
the electron bean weldments being furnished by a contractor. A precracked specimen was the primary
specimen selected for this study so that results could be compared with existing data on weldments.

The double edge notched tensile specimen had a notch radius of only 0.01 inch (0.3m). This
specimen had proved to be satisfactory for assessing hydrogen embrittlement effects on steels and
titanium alloys. Lane, studying the effect of notches on stress corrosion cracking of titanium, found
that a .002 inch (0.05me) notch radius gave the same results as a fatigue crack. The notched C-ring
used for the grain orientation study had a much sharper notch, .003 inch (0.8m) than the notched
tensile, and the C-ring proved to oe a satisfactory specimen for the purpose. With a sharper notch
the flaL tensile specimen might be more useful.

The four point loaded tests of the electron beam welded specimens provided useful information.
The specimen simulated an actual component design where the weld drop through would be left intact and
where the maximum design stress was below the highest stress level used in the test. The results of
these tests indicated that no stress coriosion problems should be encountered under those conditions in
that particular application.

The fact that incremental loading preconditioned titanium to endure higher stresses has been

recognized by others. One investigator instead of step loading used a constant loading rate of about
6 ksi/min after on initial stress of 507 of the estimated fracture stress was obtained. This was said
to provide more consistent data (4). The beneficial effect of preloading on Klscc was also reported in
a Boeing study on 4340 steel (5).
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Table I

Data for Titanium Plates Used in Directionality Study

Mechanical Properties

kai
.2% Offset Ultimate

Alloy Condition Direction Yield Tensile glonsation

Ti-6AI-4V Annealed L 130 139 13
LT 130 139 16
ST 129 143 12

STA L 136 149 12
LT 137 150 13
ST 136 153 10

Ti-6A1-6V-2Sn Annealed L 144 154 17
LT 144 154 17
ST 141 153 7

STA L 172 181 11
LT 170 179 11
ST 165 177 6

Heat Treatments

Ti-6AI-4V Annealed : 704C (2 hours), air cooled

STA : 843C (1 hour), water quench +
566C (4 hours), air cooled

TL-f6A1-6V-2Sn Annealed : 732C (2 hours), air coo.ed

STA 954C (1 hour), water quench +
538C (4 hours), air cooled

i
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Figu~re 7 Results of directionality study in Ti-WA1-2V4S
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SYNOPSIS

A number of factors have been identified which influence both observed threshold streaw
intensity values and crack propagation rates for the stress corrosion of high strength steels in
aqueous environments. More asecifically: KISCC values for a number of steels have been shown to
be related to the formation of a continuous stretch zone at the fatigue crack tip; both KIpCC and
KIC values are influenced by the yield strength and inclusion density of the steel; the relative
values of KISCC determined by arrest and initiation methods and stress corrosion crack growth
rates are influenced by the effectiveness of stress corrosion cracks as stress concentrators since
intergranular cracks become progressively blunter as they propagate while the reverse can be true
of transgranular cracks; observed stress corrosion crack propagation rates are also influenced
by the failure to attain equilibrium in specimens of conventional length and by the presence of
crack curvature and crack branching where these occur.

117



13-1

FACTORS DUIMNCIN TROWMD ST INTUISIT! VALUES AND CRACK PROPiTIO
RAUS IMRISG STESS CORROSION CRACKING ESTS OF NIGH STRUT SESLS

A. H. Priest and P. McIntyre

IMTROWCTIWN

Research on the application of fracture mechanics to stress corrosion cracking has been directed
towards a study of the factors governing both the threshold stress intensity for stress corrosion cracking,
K*SCC, and stress corrosion crack growth rates. Whilst final conclusions concerning these factors have
not been reached, the present report is devoted to a brief summary of some of the more significant current
findings.

1. FACTORS INFLUJCING KISCC

(a) Stretch Zone Formation

A recent study of factors governing the validity of C.O.D. measurements on pre-cracked specimens
of mild steel (1) revealed the formation of a small stable ductile stretch zone situated at the tip of the

* fatigue crack and at 45* to the plane of the fatigue crack under strebs corresponding approximately to the
onset of general yield in the specimen.

An extension of this work to steels of higher strength levels which are susceptible to stress

corrosion cracking bes revealed that similar stretch zones are formed at the fatigue crack tip at stress
intensity values closely approximating to KISCC.

Figure 1 shows the fracture surface of a 10 ma. square bend specimen of a Ni-Cr-Mo-V steel
tempered at 200°C, for which the KISCC value is 22 kaiin. This specimen was pre-cracked and then pre-
loaded to a stress intensity of 17 kei/in. prior to being broken in impact after cooling to 70*K. The
transition from fatigue crack (on the left) to rapid fracture (on the right) is not clearly delineated
and no stretch zone is evident.

Figure 2 shows a similar specimen which was pre-loaded to a stress intensity of 27 ksiA/ 1•.
(i.e. just above KISCCI. In this case a continuous stretch zone, consisting of a row of ductile voids,
and not exceediug 2 um in width, is just perceptible at the fatigue crack tip.

In a similar manner, continuous stretch zones were observed to form on pro-loading to stress
intensities closely approximating to KISCC in specimens tempered at 500C and 600C0. These stretch zones
are shown in Figureis 3 and 4 respectively. Once again no continuous stretch zones were observed in
specimens pre-"U.ifded to below KISCC.

From these observations it appears that the formation of a stretch zone is a necessary initial
step in the stress corrosion process and that the stress intensity required to form this zone governs
KISCC. Such a zone formed at the oxidised tip of a fatigue crack would provide a clean surface to act as
a catalyst for the dissociation of the aqueous stress corrosion solution into hydrogen and oxygen, in much
the same way as slip steps in the case of smooth tensile specimens. Some of the hydrogen thus evolved
could be atomically adsorbed on to the metal surface and diffuse into the plastic zone where it may be
instrumental in promoting sub-critical flaw gr •wth by hindering plastic deformation and facilitating micro-
void nucleation in the region of maximum triaxial strenii.

The stret~h zones form at approximately 45 to thefatigue crack, which corresponds to the elastic
plastic interface surrounding the plastic zone at the crack tip.

The stress intensity at which the zone forms is observed to be inversely proportional to the yield
strength of the material, since an increase in tempering temperature causes a reduction in yield stress but
increase in the stress intensity required to form the zone. In the limiting case of mild steel such zones
have not been observed at stress intensities below that required to promote general yield. It is evident
that as the ability to absorb interfacial stresses in the elastic-plasti. region diminishes with increase
in yield strength due to the hindrance of dislocation movement, the propensity towards micro-void nucleation
rather than ductile deformation is increased. This behaviour reflects the influence of yield strength on
stress corrosion cracking susceptibility; those materials with higher yield stresses being most susceptible.

(b) Influence of Inclusions

Recent work at Bisra has shown the fracture toughness of high strength steels (KIc) to be a
function of the empirical expression:

an illustrated in Figure 5, where: ** is some critical fracture streon;
oy is the yield stress:
N is the number of inclusions per unit axce in the plane normal to

the fracture plane.

Because there are, in general, close parallels, between KTC" values and KISCC values a similar
relationship exists between KISCC, yield strength and inclusion density and this further illuminates the
mechanism of stretch zone formation.

.44 •, -* •, . id&.4•.. . - 0 ... ....... ..



13-2

(c) Measurement Technique

The values of K1SCC can be determined either by initiation from a fatigue crack under constant
load or by arrest from a stress corrosion crack under constant displacement. The relative values obtained
by these techniques have been found to be sensitive to the stress corrosion crack path, i.e. whether the
path is intergrasular or transgranular.

Figure 6 illustrates for an EN30B steel (44% Ni-Cr-Mo), notched transversely to the rolling
direction, the relationship between the crack blunting coefficient, KIC1

KIC

and the stress intensity during stress corrosion, where K is the fracture toughness of the material
measured conventionally from a fatigue crack and KIC1 is i•e fracture toughness measured from a stress
corrosion crack.

The values of KIC1 were obtained by unloading specimens after various amounts of crack growth
in stress corrosion under constant load, dry'ng out the crack tip and then conducting a conventional frac-
ture toughness determination.

The stress corrosion crack path in this material is intergranular and the results show that as the
stress corrosion crack propagates it becomes progressively less sharp due to the formation of an "inter-
locking zone" of incompletely separated grains resulting from multiple small scale branching around indi-
vidual grains. The corrosion crack becomes progressively more blunt until the stress intensity reaches
50 ksai,/.. above bnich no further effect is observed, It therefore follows that the stress corrosion
crack in this mater.al is a less effective stress concentrator taan a fatigue crack and therefore the
KISCC value measu, ed in such a material by an arrest technique would be expected to be greater than that
measured by initiation from a fatigue crack. This has been borne out by the results of the Collaborative
Test Programme of the Bisra Stress Corrosion Cracking (Fracture Mechanics) Working Group.

Figure 7 illustrates the opposite behaviour observed with anothcr high strength steel (REX539,
2% Ni-Cr-Ho), notched longitudinally, in which the stress corrosion crack path is transgranular. In this
case it is unnecessary for the plane of cracking to change at the onset of rapid fracture and so the stress
corrosion crack is a more effective stress concentrator than the fatigue crack. Because of this it may be
expected that the KISCC -,ilue measured from the arrest of a stress corrosion crack need be no greater than
that measured by initiation from a fatigue crack. This point is under inve3tigatioo at present.

(d) Accuracy of Stress Intensity Measurement

Another important factor which ca- influence the accuracy of KISCC measurement is the depend-
ability of the compliance calibration used in the calculation of stress intensities. 'his was emphasised
recently in a project to evaluate a j in. thick contoured double cantilever beam specimen possessing a
W-value of less than 2 in. A compliance calibration following the method devised by Gallagher (2) indicated
a region of apparently constant stress intensity between a/W values of 0.25 and 0.62. However, fracture
toughness determinations from specimens pre-cracked tc various a/W - velues within this range yie] len the
data shown in Figure 8. Although the compliance calibration indicated a large region of constant strese
intensity, it is clear that the actual stress intensity in this region was increasing as the crack *,ropa-
gated under constant load. An a.alysis of the results in terms of the stress per unit area on th. remaining

ligament at failure revealed that failure always occurred when a particular stress level was atteined, that
is to say that the close proximity of the crack tip to the back face of the specimen was responsible for
the observ-d deviation.

Experiments with modified specimens to which parallel-sided extensions have been added to the
back face are being conducted at present and initial results show that the problem has been overcome by
increasing the stress-bearing ability oý the remaining ligament. This phenomenon has not been apparent in
the larger contoured specimens previously utilised because of the greater distance of the crack tip withi'i
the constant stress intensity region from the back face of the specimen.

2. STRESS CORROSION

Factors Influencing Growth Rates

(a) Failure to Attain Equilibrium

A comparison of subcritical flaw growth in high strength steels when tested under constant load
n both aqueous and gaseous environments has yielded remarkable similarities between stress corrosion and

hydrogen cracking. The KISCC values and fracture surface appearance are indistinguishable for steels
tested in either purified hydrogen ga." or 3.5% sod um chloride in deicnised water but the growth rates
differ mafkedly, as shown in Figure 9. Crack growth rates were monitored by an electrical resistance
technique 3 . In the case of cracks grown in gaseous hydrogen en equilibrium growth rate, which is indepen-
dent of stress intensity and therefore chemically controlled, is rapidly atta;ned, whereas the cracks grown
under stress corrosion conditions propagate at a much slower rate which increases progressively during a
Lest but never attains equilibrium. Although hydrogen cracking and stress corrosion cracking are basically
similar, the rate controlling process in stress corrosion is obviously much slower so that test piece
failure occurs prior to the attainment of an equilibrium growth rate. It is proposed to adopt the use of
much longer test pieces in an attempt to obtain quantitative rather than qualitative stress corrosion data.

(b) Crack Branching

Crack branching during stress corrosion is responsible for much slower crack growth rates than
would otherwise be the case. This is e-.ident from Figure 10 which shows Brown-ty? curves for EN30B steel
austenitised at both 8300C and 1000%C pricr to oil quenching and tefrpering at 200 C. The material
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austenatised at 10000C exhibited marked crack branching at all stress intensities above 16 ksi /in. and this
was responsible for much slower crack growth rates than those observed in material austenitised at 830&C
which showed no such tendency. At initial stress intensities above 40 ksi/s..A the branching tendency be-
came so great that arm break-off occurred with the I in. CKS specimens which were used. Cotterell (4) has
shown that crack path stability during fracture toughness testing of 'such specimens is a function of the
amount of deviation of the crack tip from the ideal plane. As the deviation increases, the ratio of bending
stress to ligament stress increases and so the tendency to branch increases.

In EN30B steel the crack path follows the prior austenite grain boundaries. As the prior austenite
grain size increases, larger deviations of the crack tip from the ideal plane can occur before the next
grain boundary offering a path back towards the ideal plane is encountered. Thus, in material austenitised
at 1OO0C it is possible for sufficiently large deviations of the crack path to occur along grain boundaries so
that the bending moment is large enough to cause crack path instability in the form of branching. It is to
be expected that the use of test pieces in which the bending moment due to deviations of the crack from the
ideal plane is less would attenuate branching even in material possessing a large prior austenite grain size.
rests are therefore being conducted on centre-cracked plate specimens to confirm this point.

(c) Crack Curvature

Simultaneous monitoring of stress corrosion crack growth by an ultrasonic probe situated at
specimen mid-thickness and the electrical resistance technique, w! ch monitors mean crack length, has
illuminated the phenomenon of crack curvature during stress corrosion. Figure 11 shows the difference
between mean crack length and crack length at mid-thickness during the stress corrosion of EN30B steel. It
is clear that crack growth commences in the predominantly plane strain region at mid-thickness, giving rise
to mareed crack curvature. As the crack extends to the eages of the specimens the influence of the plane
stress component retards continued rapid crack growth in the centre and both centre and edges continue to
grow together at a somewhat diminished rate of acceleration. Towards the onset of rapid fracture the crack
length at the edges of the specimen to some extent catches up with that at the centre, giving rise to the
diminished crack curvature observed on the fracture surface. It is quite clear that crack growth rat is
monitored dt ring stress corrosion are dependent to a large extent upon the monitoring technique adopt !d.

(d) Crack Blunting

The effectiveness of a stress corrosion cra'. as a stress concentrator (which ,- -scussed
earlier in connection with arrest versus initiation KI4CC valr :.s) also influences crack growth rates under
non-equilibriim conditions. Reference back to Figure 6 shows that for EN30B steel the intergranular crack
path produces blunting which becomes progressively more severe up to a stress intensity of 50 ksiW .
Figure 12 shows the growth rate behaviour of this material as a function of stress intensity. An initially
high rate of crack acceleration at stress intensities below 50 ksix/Thn. rapidly diminishes as the crack
bluntingincreases, bounteracting the influence of increasing stress intensity. At stress intensities of
50 ksi,/in. and above the lack of any further increase in crack bluntness enables an increase in the rate
of crack acceleretion to occur.

In comparison with this behaviour, Figure 7 revealed that for REX539 stef' the transgranular crack
path is a much more effective stress concentrator. The relationship between crack growth rate and stress
intensity during stress corrosion shown in Figure 13 ieflects this fact, a stead" increase in crack growth
rate being maintained throughout the propagation process, together with higher absolute values of growth
rate.

CONCLUSIONS

Many factors must be taken into consideration during the determination and interpretation of both
threshold KISCC values and stress corrosion crack growth rates. The present work has indicated the important
role played by stretch zoae formation, inclusions, method and accuracy of measurement of stress intensity
or KISCC values. It has also identified the influence of crack branching, curvature and blunting as well
as the non-attainment of chemical equilibrium on the observed crack growth rates in stress corrosion of
high strength steels.
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Sumary

A laboratory test unit designed for Klscc and stress-corrosion
crack growth rate testing with large (2-4 inch thick) precracked VOL specimens
is described. The apparatus involves the use of a unique hydraulic loading
arrangement which provides a convenient means of generating the relatively
high loaJs required for stress-corrosion testing with large WOL specimens.
Additional features of the test unit include the ability to continuously
monitor crack growth during the test and also the ability to test in an
enclosed environment at various temperatures and pressures.

Ce document prdsente un appareil de laboratoire qui meaure le
coefficient Klscc ddfini ci-dessous et le taux de croissance de
fissurations. La disposition d'une charge hydraulique unique permet
de produire, de felon commode, des forces relativement importante,
ndcessaires aux tests mesurant lea forces de corrosion avec le-
spdcimens WOL. L'appareil permet de controler, de faeon c-
1'evolution ies fissures durant Vessai. En outre, ii per, t de piatiquer
1'essai dans un environment clos, I diffirentes tempdratures et
diffdrentes pressions.



AN APPARATUS F1R STRESS-CORRtSION TESTING WITH LAM l C VOL SIC

L. J. Ceschini and W. G. Clark, Jr.

1. INTRODUCTION

Since the development of the fracture mechanics approach to stress-corrosion testing and the
subsequent identification of a stress-corrosion threshold parameter, KIsce (the value of plane-strain
stress-intensity factor below which an existing ciack will not grow due to stress-corrosion), several
unique testing procedures have been proposed which can be used to evaluate the stress-corrosion sus-
ceptibility of structural alloys.(1-6) The first widely used stress-corrosion cracking test involving
precracked specimens and fracture mechanics concepts was the cantilever be-- test developed by Brown.(4)
In this test, a series of precracked cantilever beam specimens is stressed at constant load in the envi-
roiment of interest and the time to failure recorded as a function of the initial applied stress Intensity
factor, Kii; where Kli is a function of the applied stress and crack size. The initiation of cracking
and subsequent crack growth are monitored by measuring the beam deflection as a function of time and
subsequently relating the deflection to th. crack length from the compliance of the specimen. A schematic
illustration of the cantilever beam corrosion test is shown in Fig. 1. The primary disadvantages of this
stress-corrosion testing technique are that a separate test facility is required for each test and several
specimens are required to establish the Klsc value (a series of tests at decreasing values of KIi is
conducted until a Kii level is reached at which no cracking is observed.)

A more efficient technique for Klscc testing involves the bolt-loaded VOL (wedge-opening-loading)
specimen described by Novak and Rolfe( 6 ) and shown in Fig. 2. In this test procedure, a VOL specimen
is self-stressed by means of a bolt and no additional loading equipment is required. Because the test is
conducted under constant displacement rather than constant load, as in the cantilever beast test, the load
on the specimen and, consequently, the nominal stress intensity factor decrease as the crack grows,
leading to crack arrest as Kri approaches Klscc. As a result, only a single test is required to establish
the Klscc value, although several duplicate tests are normally conducted in order to substantiate the
results.

Although the bolt-loaded WOL Klscc test has the distinct advantage of being a self-contained
test which requires a minimum of test specimens, this procedure does have two major disadvantages:
(1) a technique is not readily available for monitoring crack growth behavior dur'ig the test, as a result
the test is primarily limited to K testing and; (2) the bolt-loading procedure is not easily adaptable
to the testing of large specimens Lspecimens larger than about 2 inches thick). More specifically,
very high torque is required to produce the loads necessary for heavy section tests (several thousand
foot pounds are required to bolt-load 3 and 4 inch thick steel WOL specimens to Kli levels on the order
of 100 ksi i-a.)

This report describes a modification to the bolt-loaded WOL stress-corrosion test procedure
which readily permits the testing of large WOL specimens and also permits the continuous monitoring of
crack growth behavior.

2. CRACK GROWTH MONITORING

An obvious approach to the instrumentaticn of the Dolt-loaded WOL specimen to permit the
monitoring of crack growth during a stress-corrosion test is to strain gage and calibrate the bolt to
read load directly. From knowledge of the applied load and the displacement across the machined 3lot
(measured with a clip gage and held constant during the test) it is then possible to determine the crack
length from the compliance calibration of the specimen:(6)

EB () V C (;7aP .
where:

E - modulus of elasticity
B - specimen thickne•is
P - applied load
V - displacement across the machined slot
C - compliance constant dependent upon the relative crack length, a/w
a = the crack length measured from the center line of loading
w - specimen length, measured from the center line of loading

For the case of a given naterial and specimen size, loaded to a gi iisplacement, it is then possible
to use the above equation to construct a curve of applied load vers :rack length, which in turn, can
be used to generate crack growth rate data. However, because of the nature of loading, the compliance
calibration of the loading bolt is strongly affected by the friction associated with the threads and also
the friction developed at the area of contact beLoeen the bolt and the split pin, (Fig. 2). Kim has
shown that it Is possible to encounter as much as ±20 percent difference in the compliance (slope of the
load-displaceme,Lt curve) of the bolt as measured in compression in a test machine and the udme bolt
threaded into an actual specimen. (7) Because of the potential error likely to be encountered in an
instrumented bolt-loaded WOL stress-corrosion test, consideration was given to modifying the loading
arrangement such that accurate crack growth rate data could be obtained during the test. Figure 3 shows
the modified loading arrangement developed to permit stress-corrosion crack growth rate testing with the
WOL specimen.(8) A schematic illustration of the loading arrangement is shown in Fig. 4. The loading
bolt has been replaced with a clevis and loading stud. Because the loading stud or load cell doe:, not
rotate during the loading of the specimen and because the strain gages are located far enough away "rom
the loading nut, no frictitn problems are encountered, and the load cell calibratior, is unaffected by
the loading arrangement.

- 16



3. TST SPECDI= SIZE CONSIDERATIONS

It has long been recognized that the state of stress, brittle plane strain or ductile plane
stress conditions, may have a significant effect upon the stress corrosion susceptibility of atructural
alloys. (3,5.9) More specifically, a limited amount of data is available which shows that the stress-
corrosion threshold level is strongly affected by the state of stress (stress-corrosion cracks were
found to grw under plane strain conditions, whereas they did not grow under non-plane strain
conditions.)(5,9) In view of these observations and the absence of more definitive data, it is necessary
to assme that stress-corrosion cracking is a more severe problem under plane strain condItions. Therefore,
it is obvious that stress-corrosion data generated under plane strain conditions are required for use in
the design of structures which operate or are assumed to operate under plane strain conditions. Con-
sequently, depending upon the material and structure under consideration, adequate stress-corrosion
testing may require relative~y la.ge test specimens. As pointed out earlier, bolt loaded, intermediate
strength steel WOL specimens in extes of about 2 inches thick require torque levels which cannot be
conveniently developed manually. Since many structures of concern :o Westinghouse Involve high-toughness
materials used in very heavy sections, a procedure for stress-corrosion testing with large toughness
specimens is required to evaluate the stress-corrosion susceptibility of these materials. As a result,
consideration was given to the development of a stress-corrosion testing procedure which could be use 1 to
test relatively large (3 and 4 inch thick) WOL specimens. Additional requiresents taken into considetation
were the development of a loading arrangement which would permit the load to be changed easily during the
test and a procedure which could be used for testing in gaseous environments at various temperatures and
pressures.

Figure 5 presents a schematic illustration of the loading arrangement developed to satisfy the
testing requirements described above.

This loading arrangement is essentially a modification of the clevis-loaded test fixture shown
in Fig. 4. The significant features of the modified loading arrangement include: (1) the use of a
"pancake" hydraulic cylinder to develop the high loads required for the stress-corrosion testing of 14rge
VOL specimens; (2) the use of a hydraulic cylinder also permits the load to be changed at any time durl.
the test; (3) the use of a strain gaged loading stud which permits constant monitoring of the applied lcad
and consequently crack ltigth as discussed earlier; (4) the use of a L.V.D.T. (linear variable differential
transformer) to permit the continuous monitoring of crack opening displacement during the test; and
(5) the use of a gas tight chamber which permits stress-corrosion testing in gaseous environments at
various temperatures and pressures. An additional feature which can be extremely valuable is the ability
to subject the specimen to cyclic loading at any time during the test. This is done simply by replacing
the hydraulic pump with a servo-hydraulic system. Figure 6 shows the stress-corrosion test unit and
associated instrumentation used to monitor the test.

4. DISCUSSION AND SUMMARY

The bolt-loaded WOL specimen is the most efficient and least expensive test currently available
for the KIScc testing of relatively small specimens. However, when it is necessary to generate stress-
corrosion crack growth rate data, as well as Klscc threshold data, we recommend the use of the clevis
loaded fixture shown in Fig. 4. The small increase in initial cost of the clevis loaded fixture is well
worth the ability to generate accurate crack growth rate data.

With regard to the stress-corrosion testing of large WOL specimens, a bolt-loading arrangement
is not satisfactory due to the excessive torque required to load the specimen and alternate means of
loading the specimen are required. The apparatus described in this paper provides a convenient means
of loading large WOL specimens as well as additional features which permit the continuous monitoring of
crack growth during the test and the ability ti test in an enclosed environment at various temperatures
and pressures. Several of these stress-corrosion test units have been built and they are currently in
operation in both liquid and gaseous environments at various temperatures and pressures. Experience to
date with these units indicates that they work extremely well and no problems have been encountered.
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TOSUSI-LIGimUT INSTADILnI AND TUB GEDM_ OF STUNS-COOSION CRAMS
D A

R rin G S zn-ft-Cu ALIUM ALLOY

SJOSI)M H. HMULHEW

A contributory adjunct to stress-corrosion testing is the application
of conceptjal modeling. As an example of the technique, the Krafft tensile-
ligament model was applied to results from a Zn-Mg-Cu aluminum alloy series.
The variant in the series was the degree of homogeneity of the microstructure.
According to the model, the largest variation in the susceptibility to stress
corrosion zrack propagation was attributable to an increase in the rate of
surface-chdmcal attack around the circumference of the ligaments.

During a continuing research effort to produce an ultrahigh atrength aluminum alloy, an intermediate
phase consisted of the characterization of a homogeneous or essontially inclusion-free alloy. This pre-
sented an opportunity to study, in some detail, the influence of the undissolved alloy constituents,
norually found in cousercial material, on the stress-coriosion behavior.

As the basis for the study, the tensile-ligament model of Krafft wa selected. The application of
this model to the Atress-corrosion phenomenon hps bee presented in a recent publication by Krafft and
uluherin. ' This paper describes the stress-corroseL. behavior, as a function of homogeneity, for a Zn-

Mg-ru aluminum alloy in terms of this mcdel.

fxterinental Material

The experimantal material consisted of a 2 inch thick plate of the following analysis.

Component Weizht Percept

Zn 5.5
Mg 2.50
Cu 1.57
Cr 0.20
Ti 0.01
Fe 0.00

Si 0.01
Al Balance

The plate was thermally treated to produce four different concentrations of the nonequilibrium particles
(C8) obtained through treatments A, B C, and D. The determination of their volume fraction compared to
a commercial control follows.

Treatment Cs (volume percent)

Commercial 0.860
A 0.324
B 0.241
C 0.106
D <0.050

Upon conclusion of the homogenizing treatment, the material was water quenched and aged at 120* C to
produce a fine scale precipitati'.n from the solid solution. The purpose of this precipitation treatment
was to strengthen the alloy to .he equivalent of the f6 condition. The resulting engineering mechanical
properties in the 9hort transverse direction as a function of the second phase were found to be the fol-
lowing.

Strength (ksi) Elongation
Treatment Yield Ultimate Tensile M

Commercial 73.0 83.0 11.0
A 73.6 82.2 12.5
B 69.5 80.2 13.9
C 70.7 83.0 13.4
D 73.4 83.3 14.4

YMetallographically, a general compartson cf the grain morphology and concentratior of second phase
between commercial and experimental i.,o enial is shown in Figure 1.

Rather complete discussil= uf the physical metallurgy aspects ef "his category of materials has been
presented Ly Antes and Markus, 2 and or the mechanical )-3havior by Hulherin and Rosenthal. 3
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Figure 1. Composite Photomicrographs of the Three Principal Fabrication Planes to
Demonstrate Grain Morphology and Distribution of Second Phases:
A - Commercial Material B - Experimental Material

Determination of Plastic Flow and Fracture Properties

To determine the plastic flow properties, stress-strain curves were obtained by measuring the dia-
metral expansion strain on short compression specimens. The 'specimens were 1/4 inch in diameter and 7/16
inch long. The appearance of the compressive stress (ac) vs diametral areal strain (CA) record for both
commercial and experimental material is illustrated in Figure 2.

"o o0 4 I 10 1. 14 Is 18 0"

Figuz•, 2. Compression Test Record of Stress (crc) vs Diametral Areal
Strain (cA for Commercial and Experimental Material

The elastic slope (00) is related to the longitudinal elastic constant (E) by Poisson's ratio (v) by

E
26o

The components of the compressive strain, in terms of elastic and plastic components, are

0cc
CA ' (P + Oc

"where cp is the experimentally determined plastic strain. In turn, the compressive data is converted to
the "true" (bar) values by

a cc
( + (A)

and

The conversion to longitudinal strain (cL) is simply

CL = EP + -

In this mainer, the instability strain criterion, after Krafft, can be investigated; viz, where

-1 =0.

A convenient representation of the true stress-strain characteristic is obtained by plotting the

rb



instability coefficient (/o/c) against the reciprocal longitudinal strain (-j 1 ). This representation is
presented in Figr 3 for the C material, and is compared to the comercial control. Evluation of each
treatment res-lted In tha following determinations of the Instability strain.

Knstability Strain, cc

coercial 11.6

A 12.9
1 13.3
C 12.7
D 12.8

These data indicate an insensitivity of the instability strain to a wide variation in the conce tration
of second phase. 4

3/
TREATMENT C-

0"2 -7075- T6

5 10 15 20 30 40 5060

1

Figure 3. Graph of Stability Coefficient (e/0 ) against Reciprocal Longitudinal
Strain (EL"I) to Obtain Instability Condition (O/r - 1)

For the tracture investigation, the plane strain fracture toughness was obtained using a compack Kle
specimen configuration (CKS) as described by Weasel.* This is a pin-loaded 3ingle-edge-notched geometry.
Specimen orientation fixed the plane of crack propagation parallel to the plate surface at mid-thickness.
Prior to testing, a fatigue crack, 0.1 inch long, was introduced at the root of the machined notch. Mon-
linearity of the crack front was encountsred in the experimental material due to the lack of a stretching
operation, usually performed on mill products.

For the fracture toughness test, a double cantilever clip gage was used to obtain crack opening dis-
placement. This was plotted, concurrently with the load, on an X-Y plotter. Loading was performed on a
closed loop hydraulic machine. Analytically, a compliance power series was used to calculate the stress
intensity. Instability was selected at the 4 per'ent offset intersection of the load-deformation plot.
The results of the plane strain fracture toughness as a function of second phase are shown in Figure 4.
From a commercial level of approximately 20,000 psivi•., an increase of 100 percent is experienced.

In the model it is postulated that tensile ligaments are formed at the crack front. It is these lig-
aments that not only are subject to the usual tensile behavior but, also, are sensitive to the environment-
to-metal surface attack. As previously observed, the size of the ljgaments (dT) is

which is, incidentally, the distance ahead of the crack front at which the validity of the elastic stress
field singularity is attained.

With the previous determination of the instability strain and plane strain fracture toughness, the
ligamental cell size is a simple computation. The results are shown in Figure 5. In view of the constancy
of ,he instability strain, the results follow an anticipated power law relationship and are compared to a
sq,)e)re root dependency.

Application of the Model to Stress-Corrosion Cracking

Thi tensile-ligament model identifies three factors as Influential in the corrosion-assisted crack
propagation phase of stress-corrosion cracking. These are: (1) the ligamental cell size, dT; (2) plastic
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I NOTE: These data points are compared to a square root dependence.

l Figure 5. Relationship between the Ligamental Cell Size and the

Concentration of Second Phase

stblt ý1a();()a ufc chemical reaction mae, Vs, between the dT cells and the spatial envi-

ronmnt.

Recalling from the publication cited,' Vs can be stated in terms of flow properties such that

0c 
7

where V€ is the velocity of crack propagation. The reciprocal of the crack velocity relative to the sur-

face chemical reaction rate is shown in Figure 6. If desired, the EL can be scaled to the stress inten-

sity by scale matching at the instability strain. The constancy of the Vs/Vc ratio shown in these data

has been experienced for comimercial material as well.

For the particular case being studied, the observations of the crack propagation behavior are in the

form of time-to-failure data. Therefore, a summnation integral is used, namely:

EK

.il3 Vs (KI) da

0.05 0.1 0.0 1.0

For scale matching, one assumes that tll surface reaction rate is constant for the life of the liga-

ment. This assumption appears Teasorable in view of the nascent state and small diameter of the ligaments.
With the evaluation of Vs, the actual data may be compared to the model prediction which is shown in

FFgure 7. Substantial agree lant is indicated.

Also of significance is an evaluation of the V. constants as a function of the homoeenization treat-

ments. fee are
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Figu -e 6. Reciprocal of the Crack Velocity (V,) Relative to Surface Chemical
Reaction Rate (Vc,) Plotted against Longitudinal Strain
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Figure 7. Comparison between the Model Prediction for Treatment C

and Failure Time Data (tf) for All Homogenizing Treatments

V,

Treatment (in./sec)

Commercial 1.10 x 10-6
A 4.35 x 10 6
B 6.10 x 10"5
C 1.40 x 10_,
D 2.14 x 10

These data indicate that the chemical reaction accelerated, causing an increase in the crack propagation
velocity. Aritlmetical manipulation shows ra•.-k velocities in the order of 1.6 p in./second for the
commercial material and 2300 1 in./second for the C treatment.

The model further identifies the threshold for stress-corrosion crack propagation with the tensile-
yield strength (ays), the ligamental ýell size (dT) and, for aluminum, the elastic Poisson ratio (V) in
the following manner

Klscc - 2 v dT.(1 - 2L')

Actual determination of the 1 lscc compared to the prediction Is shown in Figure 8, using KIc as the inde-
pendent variable. These data are seen to be in close agreement with, but slightly above, the model
values.
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Figure 8. Comparison between the Predicted and Experimental Stress-

Corrosion Threshold (Klacc) as a Function of the Plane
Strain Fracture Toughness (KIc)

Conclusions

Specific observations which can be derived by using the tensile-ligament conceptual model for the
evaluation of the material susceptibility to stress-corrosion crack propagation are:

1. In the stress int.isicy region between the comercial KIc and the elevated KXc, the experimental
material will tolerate some crack propagation under a trisxial stress state, whereas the coimerciol mater-
ial will not.

2. In the stress intensity region between Klscc and KIc, the rate of crack propagation is much
greater in tVe experimental materials.

3. A modest elevation of the Klscc was experienced in the experimental material due basically to
an improvement in the plastic flow i.nd fracture properties.

4. The kinetics of the surface chemical reaction increased by several orders of magnitude in the
experimental material. The tncreased chemical reactivity is reflected in a higher crack propagation
velocity.

Possibly two more general conclusions of greater significance can be made. The first is that an im-
provement in the toughness of a material, regardless of how dramatic, does not necessarily imply immunity
to stress-corrosion cracking (Kiacc s KIc). The second conclusion concerns the chemical aspects, exclu-
sive of chemical composition. Chemistry plays a vital role in material behavior;• therefore, greater em-
phasis should be placed in such areas as polarization and potential studies.
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SUMMARY

A high vacuum, 13-lO torr, all-metal system is described in

which crack growth behavior of metals under static and dynamic

loading can be studied. Provisions are made to introduce clean

gases to the system, such as hydrogen and oxygen to study their

effects on the crack growth phenomena. Crack growth results are

presented for Ni-200 exposed to low pressures of hydrogen gas in

the 10-8 to 150 torr pressure range.



AN ULTRA HIGH VACUUM SYSTEM FOR DETERMINING THE EFFECTS OF GASEOUS

ENVIRONMENTS ON FATIGUE AND FRACTURE PROPERTIES OF METALS

H. L. Marcus and P. J. Stocker

Introduction

Many studies over the years have been made on the effects of hydrogen on the mechanical properties of
metals, and, in particular, of the effects of hydrogen internal to metals, that is, of hydrogen put in by
heat treatment, electro-plating, ard other processes. The influence of gaseous hydrogen on the mechanical
properties of metals has been investigated to a much lesser extent. Recently there has been a great deal
of activity in this field in relation to the space program. In particular, the work of Chandler and
Walters' has indicated pronounced effects of high pressure hydrogen gas on what were previously thought
to be relatively insensitive materials. Others have also studied hydrogen at various pressurcs. 2-8  NI
based alloys, in general, are those in which the hydrogen effects are significantly higher in gaseous
hydrogen than when precharged with hydrogen.

Subcritical crack growth phenomena in steels has been studied by Nelson, Williams and Tetalmann. 2 ,3
Their work on hydrogen effects on slow crack growth has shown that the effects of hydrogen gas below one
atmosphere pressure can be rather significant. They have demonstrated that temperature dependence leads
to a peak in crack velocity and that this peak apparently is associated with dissociation of the molecular
hydrogen.

It is the purpose of this paper to describe equipment in which fatigue and static crack growth
behavior could be established in an ultra high vacuum, of the order of 10-10 torr. In addition, crack
growth rate as a function of partial pressure of gas, in particular of h drogen gas, in a range of from
10-8 torr to 1 to 2 atmospheres can be made. The material used in the initial studies and to be described
in this paper is commercially pure NI-200.

System Description and Results

The system, shown in Fig. 1, is a stainless steel ultra high vacuum system which contains the specimen
and transfers the specimen load through metal bellows to an MTS electro hydraulic universal mechanical
testing machine. Three separate stages of oil-free pumping permit evacuation of the chamber with no
possibility of contamination through oil backstreaming. The first, a sorption pump, recuces the pressureI to about 5 torr, a range where an ion pump may be employed. The latter has the capability of reducing
the pressure to the 10-10 torr range. For increased pumping speed, a titanium sublimation pump is
available to be used in conjunction with the ion pump; however, the titanium surface is such an active
getter that it cannot be used during hydrogen atmosphere work, The chamber pressure is measured with
three different pressure gauges. An ion gauge operates in the range 10-10 torr to 10-3 torr, a thermo-
couple gauge functions from i0s3 torr to 1 torr and, finally, a Bourdon tube gauge is used from 1 torr
to u atmosphere. The system is totally bakable and may be outgassed at temperatures up to 2800C. This
feature not only makes possible the attainment of ultra high vacuum, but helps to reduce outgassing
during studies at temperatures below 280'C. Tie sample temperature control arrangement depicted in
Fig. 1 is a heat transfer device. The copper blocK is mounted to the specimen within the chamber and
hot gas, cold gas, or liquid nitrogen is passed through it until a steady-state temperature is reached.
The copper block mininizes the thermal gradients. The temperature gradient across the tapered cantilever
beam specimen is less than 5*C. The temperature may then be varied while the crack is propagating.

Another feature of this system is a provision for the introduction of a gas, or gases, during the
course of an experiment. Thus, one may obtain a crack velocity at ultra high vacuum, then introduce a
known amount of a gas such as hyJrogen and observe its effect on the crack growth behavior and subse-
quently insert a controlled amount of a second gas, such as oxygen, so as to attempt to determine inter-
action levels and the amount of the second gas necessary as a function of hydrogen pressure to influence
the embrittling effect on the material. The ion pumps can be valved off from the main chamber contalnino
the active gases. In practice the gases may be passed from bottles of commercially available research
grades or from less pure sources through permeation transfer tubes or through a gas purification train.
A Pd-Ag transfer tube is used for hydrogen, and pure Ag is used for oxygen. If the crack growth rate is
extremely slow and the run becomes extended, outgassing may prove to be a problem. In this case the
chamber may be re-evacuated, brought back to the proper gas pressure and then the run continued. A
bakeable gas analyzer can also be incorporated into the system.,

The specimen used in the experiments run in this system is a tapered double cantilever beam specimen
developed initially by Mostovoy and Ripling 1l and analyzed by Srawley and Gross. 12 Marcus and Sih 13 have
given a discrete description of the particular specimen used in these studies. The specimen has the
advantage of a constant stress intensity at the crack tip over a range of approximately two inches when
a fixed load is applied. This allows continuous monitoring of the crack velocity while changing environ-
mentel or loading variables, such as the hydrogen gas pressure, while the crack is running.

The materials studied to date in this system have been Ti, Fe, Cu, Cb and Ni based alloys, in this
paper, however, we will limit our discussions to the effects on commercially pure Ni 200., Fig. 2 shows
crack velocity versus H2 pressure for fixed stress intensity, K, at three different values of AK in Ni 200,
aK is Kmax-Kmln in sinusoidal cyclic loading. Thus, as you can see at lO1-torr, you may start seeinq an
influence of hydrogen gas on the cyclic crack growth rate and by the time you qet to 150 torr, which is
the maximum pressure in these particular runs, you have an order of maonitude increase in the crack
growth rate that is strongly dependent on hydrogen pressuve, as is shown in Fig. 3.

Of particular interest is the temperature dependence of the Ni crack growth rate in the presence of
hydrogen gas., This gives clues to the rate controlling processes., The hydrogen gas is introduced into

the system and the Ni crack growth rate is m'nitored as the temperature of the sample is varied with the
gas heat transfer system., A maximum at approximately OC is observed as shown in Fig, 4. These results
are for three different runs up and down the temperature range on the same specimen. The maximum at the
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lower temperature in both heating and cooling eliminates the possibility of outgassipg being the cause.
This maximum may be associated with a dissociation of the hydrogen molecule as was suggested by similar
results for stitically loaded steels. 2

After the crack growth rate in clean 150 torr hydrogen was established oxygen was introduced into
tue system through a controlled leak valve, Addition of 50-100 torr partial pressure of oxygen reduced
the cyclic crack growth rates back to those observed in hard vacuum. The work described hcre is not
co•plete enough to determine if only the partial pressure of oxygen limits the jrowth or if it is con-
trolled by a different partial pressure of oxygen for the varied hydrogen pressures. The system is set
up so that it is possible to introduce several gases and mixtures of gases to determine their combined
effects.

Discussion

The system described in this paper makes it possible to measure the crack velocity rate in ultra high
vacuum. In addition it enables us to introduce external gases to establish some measure of the lower
limit of gas pressure for which reactions will actually take place. One limitation in regard to this
particular technique is the fact that the pressure is the external pressure and not necessarily the pres-
sure at the crack tip. In particular, the problem with the tapored double cantilever beam specimens
described is the fact that you have this tremendously high service area of very clean metal surface that
ter•ds to adsorb the gas. This may limit the amount of gas capable of getting at the crack tip. Therefore,
the Cas pressure observed is only the upper limit to the gas pressure at which interactions take place
and this may be off by a couple of orders of magnitude from the absolute pressure at the crack tip where
the interactions take place. What has been shown is that a very small amount of hydrogei gas dees interact
at the crack tip setting up stress-gas interaction configuration such that the crack velocity does increase
with gas pressure. The system has the capability of keeping a very clean surface and has been used to
introduce not only a gas to the vacuum, such as hydrogen, but a second gas such as oxygen tn effectively
passivate the surface in the presence of hydrogen. Although the pressure of 1 torr is a s gnlitiiantly
low pressure, it is more than sufficient to keep the surface fully covered as the crack propagcts. T.:
results clearly demonstrate that hydrogen gas does implement the crack growth in Ni-200 and the crack
growth rate is significantly changed as you go up in pressure of the hydrogen, in the low pressure
ranges investigated. This result demonstrates that the gas hydrogen-nickel interaction is much more
severe than that associated with Internal hydrogen where it has been observed that there is very little
hydrogen effect.

The fracture surface appearance of cyclicly loaded Ni-200 in gaseous environment is shown in Fig. 5.,
The Ni that is grown in 10-I torr vacium, 5B, has a ductile fracture mode. In 150 torr hydrogen, 5A,
where a larger growth rate is observed, the fracture surface is flatter and microcracks in the direction
perpendicular to the propagation direction are prevalent. These are characteristic of all the fracture
surfaces of all materials where hydrogen effects crack growth. In one atmosphere of oxygen, SC, the
prudence of striations is pronounced and microcracks that were characteriscic of the hydrogen embrittle-
ment are not present. Another interesting observation is that in the double cantilever beam specimen
microcracks are formed in hydrogen on the fracture surface initially formed in hard vacuum. We know
these are formed after the crack growth since microcracs are not s!;nificantly observed in regions
fatigued in hard vacuum and not subsequently exposed to hydrogen. If you introduce the hydrogen, the
flexing of the arms creates a high enough stress at the clean metal fracture surface to start hydrogen
embrittlement and get the cracks forming perpendicular to the growth direction. Although the -ystem
described in this paper allows the use of the extremely high vacuum to initiate fatigue crack growth
and permits subsequent exposure of the clean metal surface to gases such as hydrogen to see the inter-
action effects with the fatigue crack propagation rate it is necessary to be careful in evaluating the
fracture surfaces due to this post fracture interaction. This was dramatically der:,nstrated in work on
Ti-6A1-2Sn-4Zr-6Mo where the cold worked surface region formed during fatiguing vacuum completely formeO
3 hydride after hydrogen was introduced. 14

Conclusions

An all metal bakeable vacuum system coupled to an electrohydraulic system is descvibed, which oper-
ates at pressures as low as 10-10 torr. It has facilities for introducing pure gases, separately or
together, into the vacuum system at controlled pressures ranging from 10-6 torr to 1 atm., Both static
and dynamic crack propagation tests can be rYn, initially in hard vacuum and then as a function oF the
gas or gases added. Temperature runs can be made from -1000C to +200 0C.

Studies of commercial Ni-200 are presented showing:.
1) Hydronen effects on fatigue crack growth rate are seen at hydrogen pressures under 1 torr, with

as high an order of magnitude increase in growth rate at 150 torr.

2) A peaK in growth rate is observed at OOC for fiYed loadlnq conditions and hydrogen gas pressure,

3) Oxygen passivates the Ni-200 to the hydrogen interaction when added to the hydrogen gas.

Li
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Acoustic emission techniques have been used in the study of stress corrosion crackin in high streng-h
material. Pre-fatigue cracked single ca2tileverspecimens w•re loaded and exposed to gas-cus and aqueous
envfr-nats. Acoustic emission signal shape and total resonance counts were recorded for specime of
different strength levels tested in diffeent envirxmwnt•. Also, the pheO menon of wave reflection was
reduced in order to examine the frequency content and energy of the emission.

The results show that a higier strength level produces more acoustic activity, regardless of en-
viromwit. Also, the generated stress wave is of a high frequency and low energy nature.
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Tshe propogaticn of stress crosixon cracks in high strength steel is acompanied by the generation of
high frequency stress waves. Such aoustic emissions are functios of b•th the naterial and the fracture
Iroaess, in that stress me generation is favored ý high strength levels, cleavage rode failre, l e
grain size, plane rain conditions, and toweing1 . Iowever, several quions regarding Mich stress
wves remain unswered:

1. How much etastic eneof is assoriated with an apeustic emission(

2. Can fracture events be d rmined by the characteristics off the emissions?
i 3. Is the technique capable of giving infornat-ion regarding the process controlling fracture?

4. With what specific microstructural detail is each stes wave associated?

The first question is, at presemt, unanswered, although estimates of 1 erg per emission (2) have been
made by gewrating known energy pulses to give similar detector responses. Almo parameters related to

Sstress wave enery,•mrue of the anpitue) hve bee relatd to the energy inu from linear elsc
fracture mechanics ,. The second question is trianswere~d slije the frequenwZ content of such waves limits

tbe use of oornvtional detecting techniques on a quantitative basis, In spite of the lack of knowledgereadn ste wav chr•ai •s c, acousq• emmsson e= u have been used to determine the rate-
cotoling prces during crack propagation 0)•.

The aims of this study are to determine:

1. the e nt to which emissions are functions of both material properties and
envirom tal conditions.

2. the nature of the stress w (i.e. amplitude, pulse shape, freq/rcy content).

.perximentai Prooedare

The material used in this investigation was AISI 4335 steel, in the as-quencIed or quenched and
tempered conitin. Test specinme were of the single cantilever beam type, as shawn in Figure 1. In
order to determine the effect of environment on acoustic behavior, specimen heat treatment was not varied
(15000F/ 1 hr., O.Q. + 400°F/ 1 hr., A. C.). The specimens were 0.495 - 0.525" thick, 1" wide, and 6" long,
providing plane strain test conditions. The specimens were pre-fatigue cracked in air and tested in three
environments.. 1. 100% dry H? gas, 2, a H2A gas mixture containing 23.1% H , and 3. 3-1/2% sodium
chloride solution. The soluton pH was adju d to 13.0 by addition of sodium ?Adxide, and the specimen
was tested potentictatically, at +1500 mv w.r.t, a saturated calcel electrode. A Eranson 16 MH transducer
was used to dtect the emissions, as sn in Figure 2. The specimens were tested until catastrc
failure occurred.

in the second sexies of tests, the specimen heat treatment was varied. Approximate tensile strength
values were o d by R• hardness measurements. The test environments ere 9.1% H2 'in H21r mixture)
and 3-1/2% scdium chloridS solution (pH not adjusted). In the latter environment, specimen potential was
maintained at -1.0 volts w.r.t, a saturated calcoel el, •--tde. An Endevco 2272 accelexcmeter was used to
detect the emissions, and resonance peak counts were r =rded as a function of beam deflection. The
resonance frequency of the accelerometer is 37 kHz. in prior studies, beam deflection (as measured by an
LVDT) was found to be proportional to crack length under constant load conditions. The electronic systen isshown in Figure 3.

In the third study, an attem1pt was made to determine wave mode, amplitude, and energy. In order to
avoid free surface reflection of the stress wave before it strikes the detecting transducer, Lect-ions of
AISI 4335 steel (same heat treatment) were coupled to the sides of the specimen. Similarly, the two
PZT-4 detecting discs (.049" thick, .350 diameter) were mounted on the botton surface of the specimen and
backed by 1/2" thick sections of PZ1-4. This technique inhibited thickness node resc'.nsoe of the detecting
disc by providing an acoustically matched nmedium into which the wave could pass, without undergot'g re-
flection or refraction within the detecting element. This procedure provides a period of approxiAm•tely
6 micr d during which no reflected portions of the incident wave should excite the piezoelectric
ceramic disc. Examination of the actual pulse, without the superimposed effects of specimen or transducer
resornce, is therefore possible. The specimen-trensducer arranemient is shown in Figure 4.

Results

Fbamination of the signals in Figures 5-7 shows that no significant differences in signal size or
shape occur by changing the stress corrosion environment. In all environments, acoustic sivl size
increased just prior to catastrophic iailure. Initial stress intensities were 39-49 ksi-in for the
specimens tested, and no S ignifi cant effect of starting stress intensity factor on acoustic activity was
observed. Figures 8 and 9 show that, with the exreption of the 240 ksi speclrý1, higher strength levels
promote more acoustic activity (regardless of environment) for the same amcunt of crack growth. In both
aqueous tests crack bifurcation occurred.



in Fi•ure 10, the signals see in the latter three photcgras we latter attributed to electronic
nois. ver, in the first b photographs, spike pulses of •icrose• d ••ration are dmerved. Also,
awe thicm moxde resonance of the detecting elemet is see to occur (2.5 14z). Considering the crac
frt 11to detectcr distance and stress ve -w•ocities in steel, the presee of the closely spaomd signals
in the first two photog aphs could not be explaired by the simultaneous gengration of both dilatational
and ~ar waves. hission energy can be calculated using a published value(5) of g for PZT-4
(24.9 x 10-3 volt-meters/neuton) and appemxisting elastic energy as 1/2 (r 2 /E), w&re ' is the mxizum
stress on the pimoelectric elment, and E is Youmg's modulus for the ceramic. The value of •r' is determin-
ed using the immwnn voItage generated by the ceramic, and the piezoelectric constant g33 " It is assume
chat the ampltude of the wave, for such short pulses, detemines the energy. Frequency cotent is not
Otl A u in comparing the square of the mission amplibde with enrgy has been oe by

(xswiders 3 ). fr. the present study the wav is asMued to be of spherical geoeatry and generated by a
point sourc at the crack frct in the mid-thickness of the specimn. The amount of spherical attenuation
in estimat by multiplying the apparent energy by the ratio of detector area to the area of a sphere
(uote origin is at the emission source) with radius equal to t-e souroe-to-detector distance. Since this
enrgy is dissipated over a spherical surface, the ceramic disc is struck by only a fraction of the total
emgy. Energy losses at tJ)e.metal-ceraic interface are estimated using the uave refraction equation
(found in the text by jasont16) far the case of a neoially wcident dilatational wave. The acoustic in-
pedance tar the oeranic mas obtained from the same source16)* The impedfm of steel was obtained from
pbished data( 7). The calculated energy per emission was less than 10 ergs. These calculations areavailrble.

C eclusions

r'i acoustic enission studies hale shoam that:

Higher strength levels promote greater acoustic activity in both gaseous and aqueous environments.

2. Acoustic signals geerated by cracks in high strength steel are of a low energy and high
frequency natuxe.

3. The absence of reflection pheonena allows for the examination of acoustic signals on a more
quantitative basis.
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A TM w

T 
L

B9 Specimen Thickness (in.)
W= Specimen Width (in.)
L = Specimen Length (in.)
A = Crack Length(in.)
M= Applied Moment (iO .lbs.)

Plane - Strain Stress Intensity Factor

K =4.12M V/(3)-a3

(psi-inb BDS

Where: a I- AD

Fig. 1 - Single Cantilever Beam Test Spw cimen.
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5 Polyethylene chamber for
aqueous or gaseous
environments

Pre-cracked +Z -103-B Branson transducer
cantilever beam
specimen

Tektronix 543

Single stage oscilloscope with

of Dytronic filter P-12 camera attachment

Branson (200cps-high Hewlett
transduicer pass mode) Packard

400 E
voltmeter -
pre-amp

Fig. 2 - Test Apparatus for Experrmepts with Branson Transducer.
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Endevco ..,. .
Endevco 2711B He'rorics Iewlett Packard
Accelerometer Charge 724 Filter 32A.•...] !Amplfier (:30-40KHZ)Bn~s Osciloscope

.+ 1 1 I*ý - I -

SHickok Hickok
DPI50 PR4900
In Printer

Oscilloscope_+ 2 +Output

Fig. 3 - Electronic System for Testing with
Endevco 2272 Accelerometer.

No Reflection x I lx oSections

at Surface of 4335 Steel
of Specimen Fracture Surface of

Specimen
Crack Front,

+ ~Emission SucS~Source

"'ýý PZT - 4 Detecting Transdu'ers

with PZT - 4 Sections Coupled

to Back Surfaces

Fig 4 - Cross SectLonal view of Specimen and
PZT-4 Transducers
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Fig. 5 - Photographs of Acoustic Emissions in 23. 1"% 112 (Spec.
CDG-80_,_ horizontal scale - 50 sec/cm

vertical beale - iO mV cm



17-7

U

0-

%o d

Fig. 6 - Photographs of Acoustic Emissions in Pure 112 (Spec.

CDG-81), horizontal scale - 50 sec/cm
vertical scalc - 10 mV/cm
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Fig., 7 - Photographs of Acoustic Emissions in 32/r NaC' (adjusted to
p1t= 1.. 0 with NaOHf) at f1500 nV WRT (SCE) (Spec., CDG-84),
horizontal scale - 50 see/cm
vertical scale - 10 mV/cm
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2334111
Heat Treatments ,'-T.S.=227ks

0 1600OF/Ihr.,QQ.+4O0OF/Ihr.,A.C. K, z435 ksi-ini

2000 1500F/Ihr., O.Q.+4O0OF/hr.,A.C
1600°F/Ihr.,O.Q.+8OO°F/Ihr.,AC.
1600F/Ihw., QQ.+400F/Ihr.,A.C.
150015/I00.,O.Q.

1500 
TS.= 229ksi-
KI 141.2 ksi-in-

,TS.- 224 ksi
S00 =48B ksi-in*

0
500-

TS.=194ksi

TS~z24O ksi KI =412 ksi -inf

KI = 397 ksi-in f

5 20 15 205 30
Deflection (MV)

Fig. 8 - Counts vs, Deflection for Specimens of

Various Strength Levels in H,--AR Gas
Environment. (9. 1 Vol. % H2).

2000 -r
Heat Treatment

o 1600OF/I hr.,O Q + 800°F/I hr., A.C.

1500 o 1500 0/F/I hr.,O.Q.+ 400OF/I hr.,A.C.
Stress Intensity Factor-43.8 ksi-in2

100

500

TS. 237 ksi TS. 188 ksi

o I I,

0 5 10 15 20 25 30
Deflection (MV)

Fig. 9 - Counts vs., Deflection for Specimens in 3"/,
NaCI Solution and at -1.0 Volt WRT Sat.

Calomel Electrode.
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Fig. 10 - Photographs (f Acoustic Emissions in Pure H2 (Spec.
CDG-88), horizontal scale - 1 s/cm
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SUMMARY

The results of an extensive investigation f.
the improvement oF the stress-corrosion t'÷-;ins
methods on high-strength Al-alloys are b.iefly o -

lined.

For the evaluatioi of the crack initiatia
period under different stress conditions, two T.,os.th
specimens of original de.iign are recommended.

For the measure of the crack propagatior -ate,
the D.C.B. pre-, acked specimen has been foun•
effective.

RESUME

On pr43ente les r6sultats les plus importants
d'une recherche approfondie pour I'am~l;oration des
m~thodes d'essai A la corrosion sous tension dens les
alliages ilgers.

Pour I'6valuation de la p6riode d'incubatiýon de
la fissure sous de diff6rentes conditions de contrainte
on recommande ici deux 6prouvettes lisses de dessin orn
ginal. Pour la mesure de la vitesse de propagation 1'6
prouvette D.C.B. prefissur6e s'est d6montr~e efficace.
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A CONTRIBUTION TO STRESS-CORROSION

TESTING OF ALLAINUM ALLOYS

by

G.Bollani

1 - INTRODUCTION

It is well known that a very important point in the evaluation of the
resiztance of materials to stress-corrosion cracking is the assessment aold the
standar-4ization of laboratory testing procedures, suitable to give consistent and
low-scatter results, that may be readily used in design (1), (2). To this aim it is
firstly appropriate to define ,as clearly as possible the nature of the ;nformations
that should be achieved with a particular test : this criticism does usually imply
specific requirements for the kind of specimen and experimental set-up. A special
care must be given to the features of the crack initiation and propagation, that
as far as possible must be discernible from each other in the evaluation of the
results. Secondly it will be necessary to take 'nto account a set of experimental
conditions extensive enoujh to reproduce all the relevant pract:cal situations :
this will generally involve the performance of tests on differe,.c kinds of specimen,
loading system and environment.

In the following report will be shown the most relevant p(irts of an investi-
gation carried out on this subject making use ,

- smooth, mechanically notched (edge V ar hole) and pre-cracked (D.C.B.) specimens
- simple state of stresses (uniaxial, as arising from a classical test in bending

or in tension), and more complex states (biaxial, as a.g. in torsion).

The testing materials have been selected among some high-strength Al-alloys,
as reference environment was used in all tests the standard NaCI 3.5%aqueous solution.

2 - EXPERIMENTS AND RESULTS

2.1 SMOOTH SPECIMEN

This kind of specimen is obviously intonded to evaluate th.e initiation phase
of the stress-corrosion cracking. The princiroal requirements that have however to be
accomplished to Set a meaningful information are

- the specimen must break as soon as a crack of very limited depth has been developed,
in order to avoid any influence of the subsequent phase of propagation

- the nominal stress must be clearly defined and as far as possible constant on the
entire rupture section.

Whenever possible, it is also useful to arrange for a preferential fracture
zone on the specimen, that makes easier an early detection of the crack nucleation
and contributes to reduce the scatter of results.

After said requirements, the specimen for 4 points-bending loads shown in
fig.1 has been desilined. The following remarks are appropriate

- the size of the specimen (maximum length = 48 mm) is small enough to allow tests
to be made in tle short-transverse direction of nearly all plates in use for
structural appliciations

- the load required to obtain a nominal tensile stress Umax = 0.75 .Uy (maximum
value of practical inrerest) is lower than 80 kg for all high-strength Al-alloys,
and can be easily controlled by a low-stiffness spring system

- the stress distribution is always tensile in all the critical arca (lower part of
the central cross-section), and nearly constant for a !ength + 2 mm from the central
line, where most of the 'ractures do occur; the stress concentration factor due to
the fillet and the hole is very small ( aK - 1.2) and has been accounted for by
strain-gages calibration

- the maximum crack length before rupture is only I mm.
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It is interesting to point out that for high strength Al-alloys with one-

step aging, tested in the standard environmental solution NaCI 3.5%, the lowest
stress able to produce a stress-corrosion crack in the short transverse direction
way range from 3 to 7 kg/mm2 . This value of stress gives rise to a maximum stress-

intensity factor (assume K "'OFW of about 10 kg/mm3/2 : this figure of K is
notably less than the minimum value of K as evaluated on these alloys with pre-
cracked D.CB. specimens (see point 3). Tha. is to say no K-controlled propaga
tion of the crack was included in the long life evaluation obtained from smooth
specimens.

The life values for some of the most common Al-alloys and aging treatments

are reported in fig.2 (all specimens have been obtained from plates cf 50 mm
thickness) : it is well demonstrated a very limited scatter of the -esults, that
makes possible a good selection among different materials, and a tendency to obtain
a safety fir-re of the strength, near the lower limit of the ALCOA scatter band as
reported in refecence (3).

To investigate the stress-corrosion behavior of the material under biaxial

stress conditions, the tubular specimen fou torsion loads shown in fig.3 has ueen
designed. The size of the hollow cross-section (wall thickness = I mm; mean radius

3.5 mm) is much that a maximum shear stress of 0= 0.75 .Ory can be imposed with

a torque of only about 1.7 . 1o3 mm.kg (20 kg with a lever arm of 100 mm). From the
equilibrium of stresses, we have at the external surface of the specimen a biaxial
situation

T = Or I - UII

where T is directed both along the circumference of the cross section and parallel
to the axis of the cylinder; 0 and J7 I are the principal stresses, respectively
oriented at + 45° and - 450 to 1he axis. The specimens have been obtained out of
a plate of 7075-T651, 50 mm thick, both in the longitudinal and in the short-trans=
verse direction (axis of the cylinder parallel to these directions). The test results
shown in fig.4 give rise to the following comments -,

- for the material investigated, with grains strongly elongated in the cold working

direction, the fracture takes plac.e along elongated grain boundaries (fibres) and
is practically insensitive to the orientation of the principal tensile stress,that
was conversely the major con rolling factor in the case of bending loads

- the threshold values (T) of stress-corrosion cracking for specimens taken in the
longitudinal and in the -,hart-transverse direction are very close together, and
approximately coircident with the threshold ( U) obtained from bending tests in
the short transverse directien.

These findings have been confirmed by further tests on an extruded bar of the

same material an temper, with nearly equiaxed grains : the fracture in this case was
probably started by the tensile compumient of the stress (45° to the axis of the spe-
cimcn), but the lives in the longitudinal and the transverse direction did again not

differ appreciably (170 hours against 140 hours, with an imposed stress of 15 kg/mmý.

It seems therefore that the tubular specimen tested under torsio,.,-l load could
find a good use also to evaluate the short-transverse resistance to stress-corrosion
of sheets whose thickness is only 10 mm, that is insufficient for obtaining a bending
specimen. Furthermo:,e from a design point of view it is advisable to look at the
torsional loads as critical stress situations with regard to stress-corrosion failu-
res, and to prescribe careful controls when this will be encountered in p'actice.

:* should also be mentioned that the torsion specimen might really not be
considered as a truly initiation one : the. defoimation following the crack extension
in the case of the longitudinal specimen is often actually large enough to make
possible a control of the crack propagation and a study of morphological details of
the fracture.

2.2 NOTCHE) SPECIMEN

The principal aim of the tests made on this kind of specimen was to investi-
gate the importance of the surface finish of the smooth specimens in fig.1 and fig.3.
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The bending-load notched specimen was manufactured with a geometry substantially
similar to that of fig.1, but with a couple of edge V notches (0K.= 3.5) and a
conscant width of 24 mm : see fig.5. The torsion-load notched specimen was manufac-
tured identical to that of fig.3, but with a hole ( CtK = 1.5, if calculated as

Tmax/Tnom), drilled in the mid-section s shown in fig.6.

Alth.vugh no systematic inve-tigation was -arried on these specimens, it was
easily demonstrated that the influence pf the two kinds of mechanical notch on the
crack initiation and development is limited to the high stress situationv (quasi-
static-ruptures); in the case of stresses near the thresholK value a notcn proves
almost ineffective, particularly for the short-transverse specimen. This statement
has been found to apply also for extruded structures, with grain boundaries not
strongly elongated.

It is therefore advisable that a smooth stress-corrcsion specimen be given a
good surface finish by fine machining (to a roughness of say Ra = 0.8 + 1.51U), ý,ut
it is believed unnecessary to provade a more expensive finishirS by grinding or
polishing as is required for a fatigue specimen. From a design standpoint it isworth
noting that the stress-corrosion situation for a notched structure of Al-alloy

appears to be more favourable than fatigue , this fact should be kept into account
also when conside-ing the relatively minor incidence of stress-corrosion in practice.

2.3 PRE-CRACKED D.C.B. SPECIMEN

A set of tests has alsc been carried on Double Cantilever Beam mechanically

pre-cracked specimens, to evaluate their suitability for crack propagation measure-
ments. As it is well known, this kind of specimen looks very attractive for the
possibiliiy of making tests representative of the actual stress-corrosion cracking
with a minimum; requirement of axperm.nwntal facilities.

The geometry of the specimen used in our investigation is shown 'in fig.7
it differs from that 'eporte" in the ref. (4) only in the width of the notch (the
spacing between the notch surfaces is 2 mm, instead of 1 mm, for more ease of
machining), and in the icraw diametei' (S mm instead of 6 mm, to avoid some screw
fractures in high toughnesa directions). After some tr~als, the radius at the tip

of the mechanical notch wes set 0.2 rim, as this would repeatedly give well aligned
initial cracks, with a limited amount of plastic deformation.

To measure the initial COD a very simp[- fixture supporting a 0.01 mm
accuracy dial-gage proved to be effective. The meccnical extension of the static
cm'ack was set between 2 and 4 mm .' the main reason for the c6-,e of this length
is to evade from the plastic zone at the tip of the notch (typically of the size
of 1 to 2 mm) and from the associated residual stresses. In so doing it was also
possible to appreciate if the propagation ,a the environment was expected to be
correct, that is on the centrdl line of the specimen (see fig.7 - left specimen),
or in a slant direction (right specimen). The measure of1 the crack propagation
was optically made on bith sides of the specimen and .:ontrolled by an eddy-current
method (Magnaflux ED-520) results differing by more than 5% nave been discarded.

Among the materials investigated have been included two experimental Al-
alloys with Zr addition, recently developed at the Istituto Sperimentale Metalli
Leggeri - Novara (Italy) - (5), whose typical composition and mechanical clharacte-
ristics are the following

ryp)e of alloy Zergal 3 1Zergal4

5.8 Zo
chemical composition (average 2.4 Mg
data) - % - 1.5 Cu 0.8 Cu

0.2 Zr
0.5 (Mn+Fe+S;)

ultimate tensile stress - kg/mnY2 - 60 55

yield point - kg/mm2 - 54 50

cIongation - - 7.5 8.5
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The prc-cracked specimens have been tested in the standard environment,both

with continuous immersion (as it was the case for the smooth and the notched ones),

and with alternate immersion (10' in - 50' out). The results are summarized in
figs.8 to 11 as follows

- fig.8 stress-intensity factor (K1 ) versus time (t), to evaluate the approxinute
Klscc value For 7075-T651 (plate) and 7079-T6 (extruded bar)

- fig.9 KI versus t, anc Klscc for 70 7 5-T7351 (plate) and 7075-T73 (forging)
- f;g.1O K X versus t, and Klc for Zergal 3 and Zergal 4 •"orging)

- fig.11 crack propagation rate (da/dt) versus stress-intensity factor (KI) for

all the experimented materials.

For the calculation of the KI value the approximate formula

SEVh [31h (a + 0.6 h)2 + h 11/2
4 (a + 06 h) 3 + h2 a

valid for a D.C.B.specimen of very similar geometry (4) was assumed. From an

examination of the results the following remarks may be drawn :

- the pre-cracked specimen proves to be a simple and efficient laboratory tool

for the evaluation of the stress-corrosion crack propagation in materials; the
best use of the specimen is made testing on plates in the short-transverse
direction (or in the transverse for forging and extruded bars); some difficulty
is expected when testing in the longitudinal direction. As this case is however

not the most dangerous one, the limitation does not appear to have great enough

interest in practice

- the repeatability of the test data obtained for da/dt versus KI is good enough
to make possible the selection of a material among those investigated after only
a few days (less than 150 hours); an accurate estimate of Klscc does however

require about 3 weeks, in the classic environment.

As to some material performances, it may be noted that a forging of the
experimental alloy Zergal 4 (one step aging) has proven nearly equivalent to the
alloy 7075-T73 from the standpoint of stress-corrosion crack propagation, with 10%
more of static resistance.

3 - CONCLUSIONS

In stress-corrosion testing it seems advisable to mak* use of two different
kinds of specimens ; the one suited to evaluate the initiatiorn period (controlled
by a throshold value of the applied stress), and the other intended to measure the
crack propagation rate (controlled by a threshold value of the imposed stress-
intensity factor). The first 3pecimen, obviously smooth, will be necessary to
evaluate practical situations where no surface damage is admissible for a structural
element ; the second specimen, already pre-cracked, w;11 be required to keep into
account the fact that some structures may contain a Imited defect during their life.

For an initiation test in the most common bending-load conditions, it is very
useful the specimen shown in fig.1, that, without boing appreciably more difficult
to be manufactured than the classical ones, has given in our tests accurate and

reproducible results. To investigate the behavior of materials under the effect of
a more complex state of stresses, as arising fo'om a torsion-load situation, the

specimen shown in fig.3 is suggested. This specimen -a. also bA used for a prelimi-
nary evaluation of the stresa-corrosion resistance of plates with thickness lower
than 50 mm (to a minimum of 10 mm), stressed in the short-transverse direction.
The surface finish of a smooth specimen is not so important as in fatigue tests,

particularly at the very long lives.

For a crack propagation test, the D.C.B. pre-cracked specimen has proven to
be very effective and nearly inexpensive, particularly when stressed in the short-

transverse direction, which is obviously the most interesting situation. Some diffi-

culties may be expected when loading the specimen along other more resistant direc-
tions. The selection of a high strength aluminum alloy for resistance to stress-

S, ,,
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corrosion crack propagation by means of this or similar specimens can be made
on a sound analytical basis (Klscc), and in a test time acceptable for industrial
purposes.
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Fig.1 -Smooth specimen and test fixture for 4-points bending load

Reproduc~edOY

Fig.2 -Test results on smooth specimens in bending (different materials)
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fig. 3 -Stress Corrosion Cracking Specimens Geometry

A =Specimen ready for deformatior io P

B = Specimen ready for S. C. C, test Vt~'

Fq4- Test results on smoorh specimens in torsion (7075-T651)
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Fig.5 -Fractures of notched specimens in bending (7075-T651)
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Fig.7 -Pre-cracked D.C.B. specimen
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Fig.8 - K1 -time data for transverse D.C.S. specimens
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SUMMARY

Highlights are presented of recent inv, tigations conducted at the Naval Ship Research and Devel-
opment Center on sea-water stress-corrosion behavior of high-strength aluminum alloys. Rolled 7000-
series plate was used to show a significant influence of specimen orientation on sea-water stress-corrosion
response. The results suggested that tests in the short transverse airection are essential in aqcertaining
stress-corrosion behavfor of high-strength aluminum alloys in either smooth or precracked spe:imens.
Based on these results a number of high-strength hand forgings, representing the Z000-, 6000-, and
7000-series, were tested as bent-beam and precracked cantilever specimens taken in the short trans-
verse direction. Inconsistencies are observed when the sea-water stress-corrocion results fronr pre-
cracked cantilever specimens are compared to those from smooth specimens. The results indice-
that each of the two techniques provides important irnformation, and both methods should be used in
assessing the sea-water stress-corrosion behavior of high-strength aluminum alloys.
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INFLUENCE OF TEST METHOD ON STRESS-CORROSION BEHAVIOR
OF ALUMINUM ALLOYS IN SEA WATER

by
George J., Danek

INTRODUCTION

Stress-corrosion cracking behavior is a critical property in selecting high-strength materials
for sea-water applications. Failure bj this process can be insidious and catastrophic, Experience has
shown that many high-strength-to-weight materials, developed for sopiisticated marine applications,
are particularly prone to failure by stress-corrosion cracking.

The classical methods used over the years for Lvaluating sea-wavtr stress-corrosion cracking
behavior involve sea-water immersion of a stressed specimen, usually in the form of a bent beam,
Stress corrosion proceeds by two steps - initiation of a stress-corrosion crack s,='d subsequent projlaga-
tion. The initiation phase of the process entails the formation of a stress raiser (nozch) from which the
strres-corrosion crack can propagate. The stress raiser may be introduc, d as a mecham,.il notch or
as a weld defect. However, initiation often occur, when a pit grows to forrr the stress raise.' from
which stress-corrc sion cracks emanate, figure 1. For many high-strength alloys the pitting )% ocess
consumes essentially the entire exposure time in a classical stress-corrosion test. The subs tquent
propagation -n a susceptible material proceed., rapidly, and final failure occurs by mecha iical rupture
when the crack attains a critical size,

Figure 1 - Pits with Emanating Stress-Corrosion Cracks
lZNi-5Cr-J~vo Mazaging Steel (Villela's Etch)

A new stresq-corrosion technique was introduced by Brown in 1966. (1) A specimen with a aharp

notch is stressed in bending while exposed to a cor'rodent For cases where initiati-• proceeds by
environmental pitting ina classica.• stress-corrosion test, the sharp notch (usually a fatigue crack) can
circumvent the time-consuming procuss of forming a detect. It is generally agreed that the technique
is a significaint advancement in technology and offers severr.l imnportant advantages over the classical
method in addition to reducing the testing time:.

* Permits evaluati€on of stress-corrosion behavior on materials which are immrune to
pitting.

* Permiqts quantitative expression of coriplex stress-corr'osion behavior in terms of
fracture toughness characteristics,, defect size, and stress intensity

* Provides a tool for mechanism studies of electrochemical aspects of the stress-
corrosion process as described by Brown, et a1.__''(2

'000
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The precracked cantilever-beam technique and some of its modifications have proven valuable
in assessing the suitability of hugh-strength-to-weight ratio alloys for use in sea water. Classes of
materials that have been studied at the Naval Ship Research and Development Center include ferrous,
nickel, titanium, and aluminum alloys.

Our work on aluminum alloys which has been reported by Wacker and Chu( 3 ,' (4), (5) will be
highlighted in this paper. Particular emphasis is placed on inconsistencies that are observed when
bent-beam results are compared with those from precracked cantilever specimens. Also the influence
of anisotropy in aluminum alloys on stress-corrosion behavior is illustrated.

MATERIALS

Table I lists aluminum alloys (hand forgings and rolled plates) of the 2000-, 6000-, and 7000-
series that are pertinent to this paper. Stress-ccorrosion data are given for many of t0-; &loya listed,
but some are used only to illustrate microstructural featurej and surface appearances,

Table I - Test Materials

Fabrication Size
Alloy Method inches

6061-T652 Forging 9 x 24 x 24
6061-T652 Forging 6 x 12 x 24
ZOZ4-T352 Forging 6 x 12 x 24
2024-T852 Forging 6 x 12 x 24
7075-T7352 Forging 6 x 12 x 24
20Z4-T6 Forging 8 x 16 x 19
7039-T64 Plate 3 thick
7079-T6 Plate 3 thick
7002.T6 Plate 2 1/2 thick

X7106-T63 Plate 3 thick

METHOD OF T..3T

Precracked specimens of the forged materials were taken in the short transverse orientation,
Specimens from alloys received as plate were taken in the short transverse, long transverse, and longi-
tudinal directions in order to illustrate orientation effects on stress-corrosion behavior. Specimens
were loaded by deadweight as cantilever beams with the cracked region enclosed in natural sea water in
a plastic container.,

Conventional stress-corrosion tests were also conducted by using smooth specimens. They
were loaded in natural sea water to different stress levels as bent beams by restricting their ends in
fixtures. Here again, the forged alloys were considered as short transverse specimens only, and all
orientations were studied in alloys received as plate.

Specimen lengths varied due to constraints imposed by as received material thicknesses., The
data on smooth bent beams were analyzed in terms of load stress versus time to failure by conventional
practice, whereas data on the precracked specimens were reduced to initial stress intensity versus time
to failure according to Brown. (_

RESULTS AND DISCUSSION

Influence of Anisotropy

Specimen orientation has been observed to influence stress-corrosion behavior of wrought
aluminum alloys. Data from plate material 7079-T6 will be used to illustrate stress-corrosion response
as a function of orientation because the effect is more pronounced in rolled products,

Specimens can be taken in three directions;, in the case of precracked specimens, they can be
notched in two ways, as ihown in figure 2., It can bi seen in figure 3 that the three orientations yield
different results when stressed a. aoth specimens are exposed to sea water. Failure occurs much

earlier in short transverse specimens than in either the longitudinal or long transverse samples.
Analogous results are observed for specimens exposed as precracked cantilevers as illustrated in
figure 4. Here again, the short transverse specimers are the least rehistant to stress-corrosion
failure,.



19-3

Figure Z
Direction of Specimens

SHORT LONG LONSITUDINAL-

/'TRANSVERSE TRANS -RSE

20- --- -

InJ Short- Trnsee- Specimnticns paralle

io IO0 IO00
TiME TO FAILUREI dill

Notes :
* - Short Transverse - Specimen thickness par-allel to

long-transverse plate direction (corresponding to
TW direction).

O - Short Transverse - Specimen thickness parallel to
longitudinal plate direction (TR direction).

* - Long Transverse (width direction).

O3 - Longitudinal (rolling directioin)

Figure 3
Results of Directionw, SCC Cracking

Tests of 7079-T6 Smooth Strips in .3ending
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Figure 4

3CC Test Results of 7079-T6 Precracked Specimens

Typical microstructural directionality effects in high-strength aluminum alloys are illustrated
by the composite photomicrograph shown in figure 5, Here it can be seen that the short transverse
orientation is the most critiLal in terms of stress-corrosion susceptibility, Specimens taken in the
short transverse direction (TR aad TW) possess longer and more continuous corrosion-sensitive grain
boundary paths than specimens taken in either the longitudinal or long transverse direction.,

-~ Short

Transverse

O*Long Transverse
7002 -T6

Figure 5
Microstructural Directionality Effects in

High-Strength Aluminum Alloys (Kellers Etch - 1O0X)

That struss-c(,-rosion crack propagation is directionally sensitive can be seen in figures 6 and 7.
Stresq-corrosi',- attack in smooth specimens is shown in figure 6. Deterioration of a short transverse
specimen is compared tc that of one taken in the lorgitudinal direction. For the short transverse spec-
imen, where the intergranular grain boundary corrosion path is perpendicUlar to the specunen tension
surface, stress-corrosion attack is able to progress rapidlý through the specimen thickness. In the
longitudinal specimen, on the other hand, a stisceptible, continuous grz in-boundary path is oriented
parallel to the specimen tensioak surface. Instead of progressing normal to the tension surface, corro-
sion attack will now proceed parallel to it along the intergranular corrosion sensitive path



19-5

E-Tension

Surface

I, * f' ",

*' :" 'l l "+- , Short-

~j~i *Transverse

-. - -(-Tension

Surface
+- .- .._C

-: .: Longitudinal
Specimen

-,•
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Figure 6

Corrosion Directionality Effects in Alloy 7002-T6
(Kellers Etch 50X)

Figure 7

Longitudinal (RT Type) Stress-Corrosion Cantilever Specimen
(Alloy 7039-T64) (6X)
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Figure 7 shows stress-corrosion failuri in a precracked cantilevbr specimen of the RT type. Although
the specimen was fatigue precracked, corrosion penetration followed the corrosion-sensitive, laminated
grain-boundary paths perpendicular to the fatigue crack. This behavior is even more dramatically
illustrated in the microsection shown in figure 8. Here, fatigue crack blunting by corrosion along sen-
sitive grain boundaries provides a pseudostrengthening process. The short transverse and longitudinal
specimens represent the two extremes in stress-corrosion response. Intermediate are the long trans-
verse specimens. These results suggest thaL tests in the short transverse direction are essential in
ascertaining stress-corrosion behavior of high-strength aluminun in either the smooth or precracked
specimen.

~ ~ Figure 8
:. Corrosion Directionality Effects in

, •Cantilever Specimens of
Aluminum 2014-T651 Alloy

(Kellers Etch - 50X)

Influence of Test Method

Based on results of directionality studies, short transverse specimens were used in subsequent
stress-corrosion exposures of a number of high-strength alloys, listed in table 1, in the form of hand
forgings. Bent-beam and cantilever stress-corrosion test results are presented in figures 9 and 10.

C-KI c
30 O-Klscc

2C

.5A

I5

Figure 9 - Prc'nerties of Alum-inum Alloy Forginge
in Shr rnvreOrientation

I¢ , i ,



- -, ~- --. --------- ~

us s19-7

Z300 eru00

30 -*a.

"* 204-T3..

V 20M-16
an sT730...

0.

DAYS TO FAILURE

Figure 10
Results of Bent-Beam Stresa-Corrosion Tests

Short Transverse Orientation &Forgings)

Comparison of the data in these figures indicates that the two methods yield inconsistent
results, As shown in figure 9, all of the alloyso tested as precrac) ed cantilever specimens exhibited
KIscc values that are close to the KIc air values This might be considered to indicate that the alloys
are, at most, only mildly susceptible to straf ,-corrosion cracking. t ie smooth data illustrated in
figure 10, on the other hand, show that all of the 2000-series specimens exposed as bent beams failed
after about 100 days, regardless of applied itress.. Only one specir.-en of all the 6000- and 7000-series
failed in the same time frame. This 7075 .T7352 specimen, loaded to 8016 of the 0. 2%7 yield strength,
failed due to excessive pitting and not stes s-corrosion cracking. The variation in behavior observst
in the two test methods can be dramatically illustrated by specifically comparing the data for 6061-
T652 and 2024-T352, In the precracked test, the two alloys rank numbers i and 2 among the oup
tested, and the Kascc values are not too cifferent: 26 ksi ni. for 6061 -T652 versus 21 ksi eib.itfor
2024-T35Z. In contrast, when the smooth specimen data are examined critically, it can be seen that
the 2024-T352 is highly susceptible to stress-corrosion cracking and 6061 -T65Z is very resistant.
There is a wide variation in pitting charactei a tics among aluresinum alloys as evidenced by figures 11
and 12.

6061 -T652 Ths 7075-T7352
(167-Day Exposure) le~ (142-Day Exposure)

Figure 11 - Pitting Attack on
General Corrosion Specimens (Approxunately 34c

the 024T35 ishighy sscetibe t strss-orrsio crakin an 601-T5Z i vey rsisan-
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2024-T35;. 2024-T85Z
(167-Day Exlosure) (14Z-Day Exposure)

(80-Day Exposure)

Figure 12
Pittirg Attack on General Corrosion Specimens

(Approximately 3X)

In the 2024-T352 and other 2000-series alloys, pitting attack occurs rapidly with deep penetration. In
these alloys the initiation phasro of stress-corrosion cracking becomes a significant part of the overall
process. The 6061-T652 alloy echibits greater resistance to pitting. The absence of the pit preducing
stress raiser might contrioute to the superior behavior of this alloy in bent-beam exposures.,

Another inconsist.-ncy, apparent by looking at figures 9 and 10, relates to the behavicr of
2024-T352 and 2Z024-T852., The 20,14-T352 temper is 6uperior in the precracked cantilever test but
inferior when tested as long time exposures of bent beams. Lowering of the KIscr value appedrs to
correspond to lower ductility and fracture toughness (KIc value) of the 2024-T85? condition.

The implication of these results is that we should not rely entirely on the precracked cantilever
test for evaluating the sea-water stress-corrusion characteristics of high-strength aluminum alloys.

Both techniques provide useful information. The precracked cantilever test offers the opportunity to
focus attention on the propagation stage of stress-corrosion cracking. information of this type is
obviously valuable for the analysis of cases where stress-cuioaion c',acking may propagate from a

preexisting stress concentration such as a wt~d defect or a mechanical notch., When stresa raisers are
formed by environmental pitting, precracked cantilever tests are again useful becau,e they provide the
opportunity to separate the initiation and propagation phases for analysis purposes. Bent-beam expo-
sures shed light on pitting characteristics as a part of stress-corrosion behavior. This is it particularly
important consideration in the case of aluminum alloys because of their wide variation in pitting behavior.,
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The results presented suggest that both the precracked cantilever test and the classical, long-
term, bent-beam e-posure provide important data. These testing techniques should therefore be used
together as complementary methods when selecting high-strength aluminum alloys for sea-water
applications,.
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Stress corrobion evaluat• one of thick sections of aluminum alloy products are
markedly influencod by th* sampling procedure, especially the orientation of the test
specimen to the grain structure. The york reported by Mr. Danek shabo that the method
of testing with precracked specimens may be affected Just as much, or more, than
traditional smooth specimen methods. On the basis of estimated thresbold strcss
intenrities (Ks90 0 ) obtaned witb precracked cantilever beam specimens, Mr. Danek
reported rankings of alloys that are unrealistic compared to service experience and to
estimated threshold stresses obtained from tests of smooth beam specimens On the other
band tests of the same alloys at Alcoa Research Laboratories witb bolt-loaded precracked
double cantilever beam specimens ranked the alloys in good agreement witb rankings
obtained with tests of smooth tensile specimens.

I,
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J. G. Kaufman

".lbese investigations conducted at the Naval Siip Research & Development
Laboratory provide a t 1nely comparieon of two quite different methods of performing
stress-corrosion cracki'g (SCC) tests on a group of aluminum alloys that have established
a wide range of stress oorrosion resistar-ce it. service. Mr. Danek has presented infor-
mation in an area of stre.ss corrosion testing that is very complex because of the
anisotropy of the materials studied. These remarks, based on our experience, will help
place these findings in oerspective.

Rankings of the allors obtained with the two 3CC test methods are in poor
agreement, as shown by the recap of the author's data in Table Il. With the results of
the smooth specimen tests, the alloys can be classed in three distinct groups that are
consistent with service experience (1,2,3,4): (a) 6061-T652 and 7075-T7352 with no SCC
failures, (b) 2024-T852 failing at high and medium stresses, and (a) 2024-T35. and
2014-T6 with failures at high, medium and low stresses. However, with the results of the
precracked specimen tests there was no distinct ranking of the alloys. Moreover the
apparent "K1Kcc" value for allq 2024-T352 appeared similar to those for 606l-Ti52, yet
the virtualilgmty to 8CC of b094-T652 under service conditions is well established,
as is also the relatively poor service record of varicus products of 2024-T3 when
stressed in the short-transverse direction. It is equally unrealistic that 2024-T352 and
2014-T6 should rank the same as 7075-T7352. Actually all of the "Klscc" valuos reported
are in the range of 80 to 93% of KIc; thus, theae values appear to represent a measure
of fracture toughness more than of resistance to SCC.

WIfortunately a valid comparison of the two test methods used in this investi-
gation may have beeii obstructed by the anisotropy that is characteristic of forgings.
For example, the surprisingly good ranking of alluys 2014-T6 and 2024-T352 in the testb
of preuracked specimens could be explained by a curve in the grain structure near the
tip of the precrack, witb the effect that the specimen was not truly short-transverse.
Failure to orient test specimens so that the applied load is acting in a true short-
transverse direction relative to the grain flow can markedly influence stress corrosion
test results, as was shown previously for a 7075-T6 hand forging(2). The grain flow in
hand forgings cannot be predicted from the geometric shape of the forging. It is
necessary to survey the mital. flow pattern by macroetching machined sflces to determine
whether each of the short-transverse specimens is similarly oriented to the grain
structure. The variability of grain structure is less likely to have affected the
performance of the smooth beam specimens because of their relatively large stressed area
compared to the small area stressed at the tip of the crack in the precracked specimens.

In tests recently completed at tije Alcoa Research Laboratories on these same
alloys in the form of rolled plate with a uniform directional grain structure a much
better agreement was obtained betv-een the two stress corrosion test methods(55. Envi-
ronmental crack growth curves obtained witi bolt-loaded TL double-cantilever beams by
the test pr cedure by 1jyatt(6) are shown in Figure 1. Estimates of a stress intensity
factor, calculated from the length of the crack at "arrest", and maximum sustained SCC
growth rates derived from these curves are compared in Table D2 with estimated
threshold stresses determined with short-transverse smooth 0.125 in. diameter x 2 in.
long tension specimens. On the basis of the residual stress intensity factors (which
may be consid3red as an estimate of KIsc), the performances of the very resistant 6061-
T651 and 7075-T7352 alloys are clearly distin•iished from performances of the low
resistance 2014-Tb5l and 7079-T651 alloys; however, the performances of the 201i-T351
and T851 items could not be readily distinguished from each other or from that of the
7075-T7351 plate. Part of this problem stems from the difficulty in establishing the
arrest, as may be noted especially in the curve for 2024-T351. Coinparison of the
maximum stress corrosion crack propagation rates helps to bring the precracked specimen
data in line with the smooth specimen data for the 2024-T351 and T851 items.

In alloy development work, two criteria can be used with the precrackd
specimen test method; one is an increase in the threshold stress intensity for SCC
(KImcc); the other is a decrease in the stress corrosion crack propagation rate. It is
evieant from Figure 1 that the SCC growth rate of 2024-T351 has been greatly reduced by
artificial aging plate to the T85. temper even though the improvement in the estirr.ced
threshold stress intensities was small. We believe that in stress corrosion testing
aluminum alloys with precracked specimens, consideration ,irst be given both to the
threshold stress intensity and SCC propagation rate. When this is done, the ranking of
alloys tested in this manner probably will be similar to the ranking of alloys tested
with smooth specimens.

With both methods of testIrAg it is of fundamental importance to: (1) determine
possible variations in grain structure of the products being tested and position test
specimens accordingly, and (2) make suitable allowance for artifact mechanical effects
(such as creep) which are not, in fact, a part of the SCC process. For examDple there
was considerable variation in the KIc values for individual specimens of 6Ob]-TR52
tested by Chu and Wacker, more than enough to account for the 7 to 9% reduction ieentified
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with their "K ues. Thus, there is reason to believe that the criterion of
failure of the auo1-T6 and possibly the 7075-T7352 specimens may not have been related
to environmental crack growth, but rather to the problem of interpreting residual stress
intensity levels close to KIc.
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REUME

Ias travaux amntiosmds dons cotte publication portent siur I& corrosion sous tension de 2 due princi-
paux alllsg-as d'elizdinuutiliash dens 1'industrie airinautique frangaise : A-1J2(I at A-U48G.
A)e nombroux eseuls ayatdoatiques ant "t etteotuds par esouls clessiques, en flexion ameons trs impoeeo
constants.

Iea Posesum lntorvenant dans I& corrosion .t 1* corrosion sams tension feisaint Is plum souvent
awpel & des r~aoticns 6lectrochlailques, noun ddorivcns quoiques techniques d'6tude par aftbodes dlootmo-
chimiques at tentons d'dtablir tane oorrdlatlcn witro lee phinombnes obser,4s at legs miorotruoturos parti-
culibres dos elli.1ps.

Dans le cass do l'A-U20N, on pout avancor une explication concornant Is. sonuibl.1t4 ~& la. corrosion
Interoristo.11lno at le r~le do la contralnte dens le Gass do coat a~ll's LII dtats souu-revenus# ainai quo
la. ddsoansbilisation Intervenent aprbs tn traitement thoruiquo correct.

Daom le cass do 1 'A-U1180. lea treitaments thermiques do rovenu dimlnuent no~ttment la. ausooptibilitd
dui atdrlau & U* orrosion intorariatallino alors quo la. sensibiitd k Is. corrosion sous tension dmonure
iuportantoj l'1nflueno. do "adration do la solution amble prdpondirante.

1 - INflnWCPION

La corrosion it Is, corrosion sous tension des u6taux ot afliages sent des pý-..Acbnes dont 1' Importan-
cc Blest oonsiddrablement accrue dopuis uno vingtalne d'ernndes dana l'industrie adronautique on raison do
la lcngdvitd toujours plus grande qu'on exlge dos apparoils ot doe performances qui no cossent do crottre.
Do tels progrba dane lea performances au,,'posent do la. pert du conatructeur tan b,7uci constant d'allbgement
dos structures, impliquant Ilutilisation d,, matdriaux & oaractdristiquos; 6lev~es &uxquols on impose un
taux do travail Important.,

La corrosion soun tension eat ainai dovonue i 'un. do. principal.. prdoccupations dos bureaux d'Atudes
ot dos .dtallurgistes ot un racubreocroissant d'dtudes, tant doen lea laboratcoiroa Industrials quo do
recherche, a aoccmpagnd I. ddveloppamont technologique d'alliages h hauten csacotdriatiquos.

Nos travaux done le domains do la. corrosion sous tension ont surtout porth sur lea prinoipeux a12 la-
gea d'aluianium utiliads doen 111ndustris adronautique frongaire, at plus particulibrement star l'A-UON
ot l'A-U4SO.

Aprbs avoir relatd lee rdsultats d'dtudes systdmatlques do oss do"x allesges, portent star lea mdtho-
des d'ossais ot sur lea traitaments thormiques, noun ddcrirons quelquos travaux perticuliers ayamt. pow'
but uno meilleure comprdhesnion des principaux phdnombnes intervenant.

2 - CORROSION SOUS TENSION DE L'A-U2GN

L'A-U2GN oat un allisge h durciassmont structural do composition

Cu V4Ni Fe Si Ti

2,0 - 2,6 1,2 - 1,8 0,9 - 1,J4 0,9 - 1,14 0,1 - 0,25 0,05 - 0,15

Do nombrouaso pihoos do atructure do l'avion "COO~l~Rt" 6tant sollicitdes par dos contraintes peormaientes
do traction do 10 & 20 hb, ilimIportait do connattro lea riaques enocurua on corrosion sous tension ot do
ddtorminor los conditions do traitimont optimalos (variables solon le tyr, do produit ot la gesmo do
transformation.)

La comparaison do la tonue on C .5.T * des divers produits on A-U2ON a dt6 essontiollomont offoctude
our 6prouvottoa cylindriquos prdlevdes on sons travers court los produits, ot dent la Sume de prdparation
comprond ian tournago fin, ian ddgraissago & l'acitone ot ian ddcapage (solution nitriquo-fluortyrdrique IL
dbullitlon) avant miss on sanaia. Lee ossais sont rdalisds on immersions-6mersions alterndos (10an-50on)
tau on immersion continue en utilssant iane eau do mer artificiello (solution A du rbglsment AIR 07524).Nous

opdrons en flexion sous charge ,.onstanto do falon & obtenir uxae contrainte do 80% do Is limits doastique
0,2% ( R 0,2 ).

Dans le can do t~1es Apaissos traitdes industriellement ot livrses h l'6tat normaliad T 651 (tromp.,
traction contr~lde 2%, rovonia 19h/1900C), uno dtudo statistique portent i&ir 60 tleos provonant de couldos
ot dates do traitemonts thermiques dl±f'~rentos a fait apparattro ian certain nombro do produits ddfectueiaz



(?~g.24) .Los o.eur~z effectu.4s ont rmontr,6 quo cos tales 4taient dons un .Atat sous-rovenu ot n~avaient pas
Lrubl IC traitement do revenu ccrrect. Er ronctlon de ces r~sultato une valeur do, conductivitd ý- 20,5 m.oc=-lai-2 a hte4 retonue c~or critZ~ro do contr~l. rapid. du traitement do& tales produitos.

Dom essa&is Pr4cidemment orrectuis en immersion continue avaLwi&L utmicul Li 4 %164 i-ijtuw'a piuz Ou momns
raPices. Amze Pour des; tales do conduotivit6 supirieure ?L la valour limito choiaio, Mal$ l'oycmen d'6ahan-tillona rcmpus. Is, cozpa~raison avoc des essais identiques otfoctuds on corrosion siMple, ont montr4 quo laccxctra~irto no j~ouait eucun Vale dana 1e ph~nomc~ne st co n' oat pouir 1% rupture finale. ( Fig .5).eas easais en L-Nersion continue sont done kaoina sdlectifs quo coux offectuda on incmersions-Amersions
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Darsa toun lea canu on dolit limt~lltanh- -

mant '. mmildre- lea philnombnes avoc rgt,-=-- cont.rs1Into &fin U ddteru±. r.
nor lI& part do chaque pao~rmbtre dans DEPOUILLEN1ENI D'E55AI5 DE CORRObION E'T DE
Is phinomhrxo gl~oba1.I.Pour calk on
utilaso wic 3drie dA relations di- CORROSION 5OUS TENSION
coulant do lot formula do JOHM

I R -tR. x100

AK-l~o-PT. diminiat on do Isa chaigo e--
do rupture apr4.s C.S.T. Rep 1R 0  R T RN R I RN iT N V~kT

R.a-. diminution do I& chr h b hb hb
qu~i ~ do rupture apr~s corrosion ___ _-

qui permet dochiffrer l~a part de 1&* 
4;contrainto done lleawti do corrosion 8 774 F41,8 25,4 .37,5 I39{ I 10* /, 26/.%K

3oU3 torsion, ou indic* de susceptilbi.
lit6 X IL corrosion Sou!1 tension. -4 -- -~------- --- j--
Un exm*-.e do valeurs obtanuea eat 4 1,72 2Y1,2

Awuni pay- 1% Fig.6. La contrainto ne ~ ~ 4, ~. 34 15 1 2 00?7
.3cue ui rtle siiIfica'.if quo Pou~r l1&I.' 8
tti. 8T74 (6-at Pous-revenu)ayant subi V --.--

des ruptures rapides an C.S.T. 34,7. 3-61 00 3Rnfln~pour leos prodwits rivildsaesn- 30 A. ~ 2,4~24 '*h
sj:).es Ii 1& corizcsion 3ous tensiOn,
un crittkro importa~nt st. la, limite do -. *----_ _

-aon rupture, ceaet & dlre la contrain- 301 35 41 76"
to an dessous de laquelle Is corrosion 1C .5.'- 4 .
ILa Fi1g.7 tournit les risult~ata obtenus ~ - -~----.
avec une t8le a i'd-tat 3cus-'revenUux 14231 43 21 27 3, 317 231 -15/ 75;/ 00 1
l~or do zo-1lici:.ations en flexlor.o n00

traction.On re~Arque riuso ce dernierI______
colui on fioxion oii Is souji do not 1733,2 4,4,7 8
rupture Oat do 20% do I& limits dl~as- ' Yi
tique k 0,2% alors qu'ii ost infd
riour & 10% pour i'emiai en traction. 1 2 0  4 7 02

.2 .__ .L ....

F7-.j -04 -~ : IEVX
COMPAAI3OS DE ESSIS D~FL~C0N E' 7-1TI4
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3-(MRPW~I0N SOUIS =!OIN DE L'A-U4SG :Cet alliage de composition:

Cu Mg M. si Fe Zn Ti _Ni

3.9-5,0 .2- 0.8[0 -4 3.2 0.5-1,2 0,5 0,25 0,2 0,1

est laz-gement utIlimi dan 1Vind.strie adronauitique tf-angaise et britarni~qe en raison de se tr~s
bornnes caractdrl~stique3 satl~que3, mais le probl1me dc 1'61imination de sa susceptibilitd b. la C.S.T.
e:. sens trav-ers court n'a paz encore dt6 rdsolu.

Ncu3s avors ezsentiellement 6tudid 13 cas des t~f~es 6paizses ax..x 6tats T 6 et T 651 obtenu2 par des
revernn de e2kV 150*C, 16h/160'0 ou -.51; 170-C.
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I& figure 8 motrt quo I *A-U430 rest* aenals41 & I& corrosion scos tonsi~on quol quo soft Is triitmenot
effectad. Copwalant, 1'introducotion d'une op ration, do traction contr~ido ontre tra.~o at rovea aemble
apporter un 002-tame sadliorstion & IU tau* on corrosion incus tension qui a-,enteovaeo Is tmp~dratur.
do rewna pour len dtats trvapd-reiveaw T 6 on no constato micioue diffdronce entre, lea trois traitew-4~a
dtwUdsd. I& fig.9 wt an dyidorico une Inportanto variation do comportswent do 1'alliago salon 10 typo
d'eamai do moni~re encore plus marquis quo pour VA4AMGN V'assal on linrslon continue so rfrblo pe~a
udleartif pour 1'4tude do la corrosion socus tension do 1 A-U1430 ot Ulain.e & ponsor quo colleo- oat tr~s
Infl'aanode par 1 'adration do la solution.

AMi do aenfizuer oettisNRIT CAM CAG
observation nma- avons ESI SOWTION RESUMATS WESAI r R'1M DERFAR
yrao,6M h -Um ""ais do D'ESESSAI IMAM NRo

corrosion *ams tension
an Sltmstre;CST S 3+ 1 96h X.bb -52hb(Rt)

~on,!on Oa O23ý0m.4
esaaafi out A4U irterrca- NC %+ NnR~t

pu &I&rpture da C .3.T. NArvo an 96 h.~ 35. 48.1 hb3,7 hbArtonxett an oarr

C..laio Nods teso onQ Exposition 14a,2 hb(R~

Out alors 4t4 tractiaaa4s Noi. 3 + Exposition
atma do d6torwiner los CorrosionAsn9 0 Q.3 j hfj n)
oareatdraistiquoo rdei- ____

dagles at do caslaour

lit& done abequo cau.I4 A 1A C(RFCSIOU SAMS 1D1510
Fig. iD cou-nit lesP o 

0r441lA1%& obuMUaS St I
wt andyidwe Is1414RO -Rt

prdpoodrant do 1 adzatiOn
do I& solution d'esaai.IEA

FIQI'1 10

L'A-U4S0
Influence do 1'adration

4 . UN!ATIVE J',nmMM~Tk1TjOU tES FMKOM

L~a proceoeu, intervonant daa I& corrosion ec Us e'.-rraior. ecs twwLs&k on ailioux: aqu.,ux fainant,lo
-ý!.aa hoaet .~y Cin rdactlOvx dlOctr~chLMiqu--f..a. s avos cowldt4 noo ossals do corrosion Par tracd
~e .A caurbes do pol-.rimation dot amtdriaax. test do corrc-ior irt.or*cristglline Ct exmens uiaogroaphiques,
sf1ý ditdtablir une Gorrd?-- '--I encre 1ea V*a"ma.A--o oboe~-,-s eL. 145 microstrucluras partiouli~ros.
"4.1 - Can. do 1'A-U2Gn . - Lea sons offectuda a&-4 i.;,als do corrosion et corrosion sous tenhlion rivb-
lent does dIffdr'mncea sipaificativ*s melon I" #%Ata 6A rat 4Atuz:

- mspat des ruv-4fti ( Cl:M.18-13.119) - souls lea dchantillons a .nsibloa & Ua CST priaentent uno
rupture b, lxamd* cat.4 f1jbma taaos . Pouar 1ea ktat non surceptlbl:9. on obýeorve unsq cMournn 3ombre do
cowrosion. *ntmlret quo 19 phdnnoob no ddpend pi dOA I& sollicitation odcaniqu*.

Clic" a*,.1 G.15 . ~ Clichi n* 13.11.9 G. 15
Tejo 8773 - Rupture on 24 h en asau Mel 7939 - Non too~pu an C .S.T.

do corrosion msous tension on 3D Jours.

?~30



-ecupes aicrops~ibquesa Leao dprouttes rompuses rapidoginst en emase do CST an IEA at IC
(0~ 7 J ) pr4sentant ume ruptue & Mdpert interpramalmer sinai qua quelques wsiques weooadafres
lntecrisalll saur 1. fft, fibres tendues uniquaemut ( Mig. 14).
Pour Iea autm~ Produidta (nion ruptue en 3D J. en IPA), I& corrosion prdsente un aspect nottamnft

trsimscristafln at samble suivre lea ama do pr~cipitds aligx~s Par Is imirme MPg. 15). Ceux-ol, ideati-
fida au Centre de Reoherche du ro p gMe MCME Voreppe, scat egaentiellement dui type A19 Fe Ni ainai
QweAl6 mi.

C u3  _ _ _ _ _ _ _ _ _ _ _ _ _

. ..

.,v

* ~ I > ~Zone en traction

on e CO==~Lrjjjon

,epr *, le COPY

Fi.14 Coupe mic rograpnique sur dprouvettes de C S T

Mhe 8773 (Ruptur, enCST

y y ',..y.wq~.

Clici n 13.20 IIClicd n 13-222x 2Fi.1 chnilnno esbeqAl.STCroso.'wcital
6emb~ntsuire r~frenielemet l.- ligemets e p~ciit,. *
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cf. ftaig. 17 do laes min es kt
prdsvensbls dan lea deuxt tyestd matndrtaet
l'ri~entdes dilocatoions dla los deux as ;i

-u piourt le gains ne sensbles Wadnst

l'ofrine eatirmrque.ou lea d tu6 ats.
d -esbi ss la pciiaonde phas6et ondure et

sante d'A12 Cu Ma n'est observable dana
la sitrice quo pour lea t8lea non
suaceptibles A la corrosion sous tension. -

Clich6 n'8773 A G=20 000
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Po~w tenter d4e=liquor lea udoanigamdes4 oorronion de 1 'A-M"O aux dtats sous-reverax wt T 6 51,nausavoan Indiqud sur 1. tableau ai-deaaoua lea principalea dlonadg pour chaque dtat t nature des prinaipal..
Phan" ainal qua lowr rdpartilan at proportions approximatIyes en fonction do 1 dtat structural, 4'aprbs
lea oboervatiouas erfeotudsa an ficosooopie optique et dleotrainique.

REPARTITION DFS PHASES DANS L'A-Lr2GN

Etat sous revcnu Etat T - 651

Principales phss h PotniV/ECl phaseixs 'G Potentlel
Sot. ~ ~ ~ Iallia, (m/ pac

Sol. Sol a 2. 5 CU (6.0 Sol. Sol. a plxiurie en 0C1 'V90 70

Zonie appauvrie alLjoin
de gri~ans, en raison de -2
la prokipitati 'on prMkfrcr v 704) Disiva rue ou "estomp&ke"
tieile de A19 Cu %I,

Pr~vipitiks de Al2 Cu Mg Pr(vipilttion ;ý4dmWrls
aux joints de~ grain1s s'v 1 -9001A.~C Mg ev 4'o' -900

t,9 Vei -550 Al 9 FeN -vrj -550

Akitres pbseCs non

Joint ZoneM2Cu.AIum7!)l

2pavi entrv / -.l...e -

* ~ sou AcDE, '-~

* (gok- /1 2, r" %

1 a. toi joint~S

A19 Fe Ni A9F-N

Alr6 Cu3 Ni AGC3N

Ias courbes do polarasetiori do c.. dtats ont 6t4 ftablies an solution b 3% hfCl agitde et noua avon&
consad~rd quo la courbe expdrimentgae do l'alliage eat en rdelitA Is. rdxultanto dosn courbes do rsaotiona
4.. principales ph""e dama1 lie 1ou ebeisi. Four cette exploitation novs avona utiliad lee valcurs exp6-.
riasatales obtenuas, par s.J. Ketcatim i~ors do l'dtude d'alliawe Al-Qi-ft, Sur dog phases fab~riqu4O6 en
Leboratoire (PDD at courbes do polarization do A12 Cu Mg, Al 2 Wu, sol-801, Al Pur), en tenant, compte dana
notre interpritatIon des proportions do ceo Phaaes (approximstives) dAna 10s 6tats quo nous considirons.
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Etat sunis-revenu Etat '1 651
(Fig.n.'20) (Fig.21)

2 Anode '.Sol-Sol (5) 2 Anode : Sol-Sol (5)
Cathode :A19 Fe Ni (2') Cathode :Al9 ; Fe N± (2)

courant de corrosion ,v 2 ,.~ A/cm2

conseauence :attaque de la Sol-sol consdquence : attaque de la Sol-sol
autour de ces pr6cipltds autour de ces pr4cipit~s avec courant de

corrosion plus important

*Anode : A12 CU Mg (3) fAnode ;A12 Cu Mg (35)
Cathodes: A19 Fe Ni (2')-Sol-soI.(5') C~athodes:A19 Fe Ni (2')et Svl-l~o1 (5')

r jtoint de gra aqu (4' cj) attaque Pl2 Cu Mg C 30Oý A/an 2)I
r~cinpr~pond~rante:ato e 1C~ piqOlres fines

aux 3oints avec falible courant de
corrosion

*Anode :Joint de grain (4)
Cathodes: Al9Fe Ni (2')-&6ol-sol.(5'

reaction pr~ponddrante: attaque (.u~
joint en pr~sence Sol-ool. -=E
corrosion intercrist.illine (,v 5pA/cm2 ) ______

Ainsi on constate quo I'attaque du joint de grain n'intervient que pour ian 6tat trempd matiwd ou
sous-revenia, pour lequel la pr~Scipitation Al2 Cu Mg ne s'est e!±'ectu~e que dana les zones lea plus per-
turbdes (joints de grains), crdtjnt ainni ian app~.i'vrissement local en Cu.

Da-nf le cas de l'A-U20JN T 651, la phase durciss'~nte d'A12 Cu Mg a prdcipit6 finement dans tout le
volunme des grains; les potentiels du joint et de la matriao tendent alors vers une valeur commsune et les
effets de pile prdpond~rants sont entre mnatrice rt prdcitds cathodiques, siatrice et prdcipit~s A12 Cu Mg.

En! in, pour essayer de mettre en dvidonce 1'influence de la contrainte, nous avons inezurd simultand-
ment l'6volution dua PDD d'6prouvettes sous contrainte et sarlL contrainte (Fig. 22). Nous avons seulemenent
observ6 que dana le cas de l'alliage sensible, le PDI) so d4cale vera des potentiels plt.3 anodiques (envi..
ron 20 mv) au cours d'une pdriode de 2 h 10h aprbs immnersion, correspondzint h l'apparition des premibres
criques. Ensuite, 1e potentiel se stabilise et re varie pas de fagon significative jusqu'bL rupture, In-
tervenant en 48h.

On )eut penser que 1'effet de la contrszinte serait de d~placer ler dislocations pr~isentes dans les
6&hantillons susceptibles et do cr6er des empilernents Sur lea joints de grains augmentant ainsi los con-
traintos locales et la diiffdrence de potentiel entre joints do grains et matrice, d'oE, la vitesse do dis-
solution anodique (th~orie de HOLE,).

4.2 - Etude de l'A-U4SG :Les courbes de polanisation tracies en solution NaCl 3% avec agitation et barbo-
tab.e dloxy'g~ne ou d'Argon znettent en 6vidence l'influence de l'adration (Fig.27). L~e potcntiel do dissolu-
tion est d~plac6 vers des valeurs n~gatives et le courant de corrosion est fortement diminu6 par d~sarat ion

7.n solution adr~e, on a successivomient lea r~actions:
-1/2 02 + H2 0 + 2 6 - 2 OH -(1) rdduction de 02

-Diffusion do 02 (2)

-H+ + e-- 1/2 H2  (3) ddgagement de 1

En ý,oltion; bien
a4ree,la r'~action cie r4djuction de
l'oxyg~ne conaitionne sans doute le
ph6nom~ne; pour une solution moins
a~r-'e, isa rdaction de diffusion
devient pr~dominante, le courant
de corrosion dinilnue et le potentiel
devient plus n~gatif. Dissokon anodilque

Enl solution priv6e d'oxyg?~ne I*la r6action de l'hydrog~ne pout (AI--AI+3oe
Soule ililtorvenir, le courant do
corrongicn diaiinue encore et le
potentiel est d~plac6 vera des
valeurs plus n~gatives,

L~e schdma ci-Qcontre illustre Polenliels ~ -IPotentiels

con procensu!s, (,w .J
Ainsi, en ,,olution ddsaarde, n~qt~ ~~ POSItIfs

01

1. cuurant de corroalon oat trbs -pro-.~ - -4

inf~rieur &i cellt, obtenu on solu-I
tiol, oxygn~e; de plu~s, lora d'un7
processug do corrusion, los zones,-

criques) foncitiOrU-ez'Itt ell anlodes
par rapport auxc Zones a6r~es
(surface).

,(3)
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Influence do la contrainte :celie-ci no se ~mnifestant do tagon senjsible qu'en lEA ou solution
avoc 02, nous pensons qua la. contrainte a trio influence sur la rdaction de ddoharge do 1V02 (1) en dilni-
nuant 1'6nrergie n6cossairo h cette rdaction.

Si cotto hypot-Mae a 'avi~re exac~te, l~a contrainte devrait n'influoricer quo la courbe de polarisation
catbodique en milieu &6r4.

D'autre part, l~a CST devrait Otre accdl~rde en milieu ldg0romert aciditid (ddplacement de l~a rdac-
tion (1) vera lea potentiels positits).

Nouz devrons vdrifier ces hypoth~ses par traed do courbes do polarisation d' dprotuvottes avoc ot
sans contrainto.

5 -. CONCLSION

Los essais do corrosion sous tennion tels que nous les avons couranment pratiquds en flexion b. char-
go imposdo constante sont su.jots h critique:

- sollicitation h la contrainte rnayJ-rale d'une seulo fibre do l'dchantlllon.
- diffdronco entre l~a contrainte calculde et cello rdel~lenent appliqudo en raison do Ia flexion de

l'dchantillon entrainant un., -odification du bras do levier.
- la formule utilisde pour ddterminer le facteur do susceptibilit6 h l~a corrosion sous tension fait

intet-vonir tine valour NT gui eat, soit connue en traction lorsque les dprouvottes no sont pas rompues en
essai, solt en flexion (contrainte noisinale appliqude) pour les 6prouvettes rompuos lore do 1 essai do
C.S.T. Les indiLces do susceptibilitd6 h la corrosion sous tension quo nous calculons no doivont donc 8tre
considdrds qut cosine des ordres do grandeur.

Ces restrictions 4 tent faites on pout cependant admettre quo ce type d' esesi constitue tine m~thode
d' exploration vaJsbie permettant des 6tudes systdmatiques des matdriaux et do leurs traitements, ht 1 aide
d'un appareillage relativanent peu colfteux . Pour l~a ddterinination du seuil. do contrainto admissible en
corrosion souls tension, i1 est sans doute prdfdrable do choislr tin oessi an traction &t charge imposde
constante.

Des ossais effectuds sur l'A-U2GN, il ressort qua cot alliage n'ost sensible ht la corrosion inter-
cristalline et &t la corrosion soup tension qua obregue 1e revenu ost insuffisant; dons ce cas l~a contrain-
to jotie tin r8lo important dans 1e ph6nom~ne puisqu' 0110 interviont pour environ 75% dana la porte totale
des oaractdristique- .4~caniqueos do l'alliage en corrosion .sous tension. Ainsi, si V'on ne pout It pro.-e-
mont parlor, "tialifior ce phdnombne do " fissuration en corrosionL sous tension " - gui somble r~servd aui
cas ot, los -4ia-es no montrent atictne suaceptibilitd Isl corrosion intorcristalline en l'absence d'une
contr,'.*te ntý_an.Lque - on so trouvo ndanino4ns on prdsence d'un phdnomb~ne nottement accdldr6 par l~a con-
trainte.

L'A-U2GN est rendu totalpment insensible ht l~a corrosion sous tension par tin rovenu qui lui conf~tre
simultandment des caractdri!ntiquos optimalos; 11 pout donc 8tre utilis6 evec tin maximum do sdcurit6 pour
des pibces dc structure sotimises ht des contrainte3 pormanentes, m&no en sens travors court.

Bien quo sa sensibilit4 ht l~a corrosion interaristalline soit faible aprbs reventi, 1'alliage A-U4SG
reste trba susceptible It l~a corrosion sous tension en sons TC en milieu a6r6, quel quo soit be traitement
thormique essay6. Des prdcautions doivent donc Oti'e prises quant It son utilisation sur apparoibs; on doit
on particulier dvitor ou limiter les contraintos pormanentos en travors court.

Enfin l~a cowniddra~ion des microstructures des albiagos, l'exploitation des courbes de polarisation,
nous ont permis do mettre on 6vidence certainos dos z dactions isiportantes intervenant dans los processus
de corrosion at CST et do mieux cosiprendro l'infbuence des quebques parasi~tres lids Vtlall~iago oti au
milieu d'essai.

-000
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Fig. 3:Stressing fixture for the tension specimens

Fig.4: edg loded('-ingspecimen w tli attached strain-gauge
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SUMNMARY

In ord-1 to evaluate and to compare the stress-corrosion behaviour
of more complicated structural parts, for example die-forgings from
the two different alloys 7o79-T 6 and AZ 74.61, various types of spe-
cinmens were taken from critical locations on the forging. These cri-
tical locations are the area around the jack-point hole, the main
parting plane and the area of the first two rows of bolt-holes. C-
rings, precracked DCB-specimens or smooth tension specimens respec-
tively were examined, using a standard 3.5 %-NaCl alte-nate-immer-
sion test. The test-specimens were periodically inspected in order
to find out the time to failure (tension specimens), the time to the
first crack or to complete fracture (C-rings) and the crack-length
as a function of time as well as the threshold-value of KISCC (DCB-
specimens).

After approximately five months of testing each type of specimen gi-
ve specific results concerning the stress-corrosion behaviour. In this
way it seems t be possible to get an almost complete information about
suscuptibility to stress-corrosion of a typical forging. In all three
cases mentioned above the results show that forgings from the alloy
AZ 74.61 are superier to those of 7o79-T 6 .
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RESULTS OF COMPARATIVE STRESS-CORROSION TESTS ON AlZnMgCu-ALLOYS
USING DIFFERENT TYPES OF SPECIMENS

Werner Lehmann

1. Introduction

The majority of the published results in the area of stress-corrosion cracking have
been concerned with a discussion of more or less well defined material properties. The
tests were generally conducted with idealized specimens taken from plates, sheets and
rods. Additionally only one test method was used in most cases. The latest research re-
sults, for example titanium alloys, have shown, that it is not completely posfible to
describe the stress-corrosion behaviour in this way. In order to evaluate the stress-
corrosion behaviour of more complicated structural parts, for example forgings, the
above methods are in our opinion insufficient. This is due to the fact, that the speci-
fic characteristics of structural parts, for example non-homogeneous grain-structure and
more or less high internal stresses, can not be taken into consideraticn. On tVie other
hand the testing of actual structural components, because of their complexity and the
extend of the testing procedure, is normally not possible. It is therefore a reasonable
method to test samples taken from critical locations on the structural part. Since it is
expected that generally fatigue cracking is present in most structural elements, we are
of the opinion that for a complete evaluation it is necessary to test precracked as well
as smooth specimens. The crack-growth rate properties will be a valuable addition to the
smooth opecimen threshold-data in determining the maintenance inspection intervalls.

At IABG the tests being conducted have the specific goal of comparing the stress-
coi-rosion behaviour of die-forgings from two different AlZnMgCu-alloys.

2. Test set-up and execution
2.1 Test material

Available for the test were fittings (die-forgings) from the two AlZnMgCu-alloys
7o79-T6 and jZ 74.61.
The following fabrication )lan was used by the manufacturer:

forging - heat treatment - mechanical finishing

This information is very important because the sequence of fabrication steps has an In-
fluence on the presel.ce of more or less high internal stresses.
The following heat procedures were used:

AlZnMgCu-alloy 7o79-T6
solution treatment: 2o - 6o min / 465 0C
water quenching: 4o 6o0 0C
artificial ageing: 12 hr 12o 0C + 8 hr 17o 0C

AlZnMgCu-alloy AZ 74.61
solution treatment: 2o - 6o min / 465 0C
water quenching: 3o - 5 0C0
artificiel ageing: 24 hr 12o 0C . 6 l lo hr 1'o C

The heat treatment of the alloys used was somewhat different from the normal treatment
T6 and served to improve stress-corrosion behaviour especially in the case o1 7079.

2.2 Sampling / type of specimens

Since inspection results have shown that there are three critical areas on the fit-
ting, specimens were taken at the following locations:

a in the area around jack-point hole C-ring specimens
in the main parting plane DCB-specimens
in the area of the first two rows
of bolt holes tension specimens

Figure 1 shows the type and the location of tLe various specimens. Figure 2 shows the
dimensions of the various test specimens. A total of 4o tengion spec.iens, 2o C-ring
specimens and lo precracked DCBI-specimens were tested.

2.3 Specimen preparation / loading

After mechanical finishi g the tension specimens and C-rings were etched in a solu-
tion of nitric acid, hydrofluoric acid and distilled water.

The time-to-failure tests of the tensiop specimens and C-rings were conducted at two
different applied loads:

a) at 85 percent of yield stress
b) at 25 kp/mm

2

The loading of the tension speciers was accomplished with spring-loaded stressing fix-
tures (see fig. 3).



21-2

The C-rings were loaded with a wedge: so that the desired stress was attahitj.n on the
Inside of the ring opposite the wedgse(ae fig. 4). The exact load was measuro., with
strain gauges. In order to prevent damage of the Inner surface of the ring. the sta.ain
gauges were attached to the outside surface. The point of highest loading was In the
area of the parting plane, that is in the short-Zransverse direction. Internal ivresses
were neglected.

The DCB-specimens were bolt-loaded until a crackr of 2 m 3m was tintr.duced.

For the purpose of calculating the stres~s-iu~cnn~ty-factc~r 7 corresponding to each

crack-length, the known expression fox , acco.,ixinZ to Hy at

ILIM EZh C3h (a + .,6 h%, 1/.

4 1.Va + o,6 h'. + h'' a]

was used.

The stress-intesnsity at which the ca,.ak-ge-owtb aces-o Is denoted byK

To prevent galvanic corrosion thie spo..±m.na were par-.a).ly aocated of wax.

2.4& Stress corrosion test conditAo:.L.1...test avoc~ser. inbpection

A standard 3.5 % NaCl al'.at-ae ntoast was performed (duration of immersion
lo min, duration of drying ;,o cI~:). The pH-faotox- of corrosion sedium was between 7.8
and 8.6. Fig. 5 shows th, , corr)joion teut net-up. The use of a 3.5 % NaCI-solu-
tion for long tost duratiuns male At d1.fficu-It to observe, the cracks.

rho test specimens wor- por4 odi..ily -A.p;~ In order to obtain the following infor-
nation:

a) tvnsion sporcree,, uudor coaotant load: tine to failure
b) C-ri'igs: tia'. tc. tlh. first crack, total number of cracks

and time to coss-,ltot -racturo
c) pret packaid pICB-Ppecimeeit crack length as a function of

time and f~tnal oraFk !ergth

In order to more exa~tly- record ,.h* crack growth in the DCB-speoimuns, at the beginning
of th. test inspections were made. ove-y jsix he-re.

3. Results of stress-corroaion testing
3.1 Tension specimens usnder con-stant load_

After approximsately 5 months of testing the following time-to-failure data can be
re;-orted (see also fig. 6)t

a) Test specimens of 7o79-T6 alley teken In the short-trans-
verse direction had all failed between 7 and 13.5 hrs un-
der the load of 85 % of yield str~ess and between 15 and
6* bre under the load of 25 kP/mu.

b) Test specimens of 7079-T6 alloy taken in the long direc-
tion had all failed between 6oo and 3ooo bra under a load
of 85 % of yield strong and between 115o and 38oo hrs un-
der aload of25 kp/mm.

c) Test specimens of AZ 74.61 alloy taken in short-transverse
direction with two exceptions have not yet failed. Under a
load of 8!5 % of yield stress the first failure occured af-
ter 2000s bro. No failure has occured~i the specimen~ taken
In the long direction or under the load of 25 kP/mm.

A comparison of the time to failuro-data for smooth specimens of 7o79-T6 and AZ 74.61
lesds to a factor of one hundred and show* clearly the superiority of AZ 74.61.

Fig. 7 sky"& the fracture surface of a 7079-T6 and a AZ 74.61 specimen, both taken in
the short-ti-anoaverse direction. The '/o79-T6 specimen shows the typical slate-like frac-
ture s-f~,characteristic of it 1I.rittle stroes-corrosion failure. The AZ 74.61 speci-
men str.r.s in contrast a very rough anid pitted fracture surface, which indicates a very
slow attack of corrosion.

3.2 C-rings under-constant 4saftection

The results of the toot on th* C-ring specimens are sumarized in the table shown
In fig. C.

After 5 months of testing no cracking was observed In the C-ring-specimens from AZ 74.61
alloy. In contrast all of the rI- smciefrm79-T6 alloy show cracks of varying

l'tngth (first colum;;-f the table The observed cracks are concentrated on the edge of

the C-ring with the extreme short-transverse grain-structure (designated as side I in
the table). The edge designated as side 11 represents the isaner area of the forging with
a equm-axial grain structure. The next two columns contain information on the time to
first crack and to the couplete, fracture.

c)4 3
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Fig. 9 Mhows a specimen from 7o79-T6-alloy with many branched cracks on the inner and
oute., -_.•face. The metal flow-lines are easy to see. Fig. 10 shown the intergranular

cracks, typical of stress-corrosion cracking of high-strength aluminium alloys.

3.3 Preuran:ked double cantilever beam (DCB) specimen

For each of the ten tested DCB-specimens following data was calculated:

a) the crack-length on side I and side II of the specimen as
a function of time

b) the stress-intensity factor K, as a function of crack-length
c the crack-growth-rate da/dt a a function of time
d the crack-growth-rate da/dt as a function of stress-intensi-

ty-factor K1
In figures 11 through 14 the above data for one specimen of 7o79-T6 and AZ 74.61 are
compared. Additionally a comparison :f data from side I and side II is shown. 4 compa-
rison on the crack lengths in the fig. 11 shows clearly that the curves for the AZ 74.61-
specimen (on the right of the figure) are considerably flatter then the curves for 7o79-
T6. Additionally the start of cracking occurs much sooner in the 7o79-T6 specimen. The
specimen from AZ 74.61 shows an incubation time. Differences in the data for side I andI side II are also recognizable (grain-structure!).

The differences in stress-corrosion-behaviour of the two materials are also clearlyshown in fig. 12. The flatter curves for the 7o79-T6 specimen (on the left of the figu-
re) indicate the higher crack-growth-rates. The curves end at the stress-intensity fac-
tors at which the unstable cracking ceases. This value corresponds to the socalled
Kiscc-value. The differences in the KiScC -values are easy to see.

Fig. 13 shows the crack-growth-rate data as a function of time. As in the other figures
the differences in the data for the two alloys as well as for the two sides of each spe-

cimen are discernable. The peaks in each curve represent a ncn-uniform growth-rate.

Fig. 14 shows a log-log plot of the crack-growth-rate da/dt as a function of the stress-
intensity factors K . As In the previous plots the curves represent the data for only
one test-specimen oi each alloy. Once again a comparison of the data for the two alloys
shows the superiority of AZ 74.61. This superiority in stress-corrosion-behaviour of the
alloy AZ 74.61 is depicted not only by the higher threshold value of K but also by
the lower maximum value of crack-growth rate. In the case where a shorASYransverse grain-
structure is predominant (side I of the specimen), a relative rapid increase of crack-
growth rate can be observed when the values for K, increase. This also demonstrates the
influence of the varying grain-structure within t1le fitting.

Since the depic t 4on of da/dt = f (KI) Lllows for the clearest comparison of the behaviour
of the allovd 7o79-T6 ani AZ 74.61, all of the data for the five specimens of each alloy
have been plotted in the diagramms shown in fig. 15. In the upper diagram the combined
data for sides I and II of the DCB-specimen form two distinct bands. From this diagram
can be obtained the following values for the stress-intensity factor KISCC

for the alloy 7o79-T6: KISCCv 7 ksific
for the alloy AZ 74.61: K ISCCW 18 ksi hn-h

The single data point for AZ 74.61 obtained from Hyatt lies on the right-hand limit of
our band. The reason for this may be that Hyatt's specimens was taken from a plate,
whereas our specizuens were taken from a die-forging in the area of the parting plane.

The two-step heat-treatment of the fittings resulted in particular for the 7o79-T6 spe-
cimens in an improvement of tho stress-corrosion behaviour. In contrast H'att used a
normal T6-heat treatment process. Vor this reason our test-results for 7o79-T6 and AZ
74.61 are grouped relatively closer to each other: When the data are separated into si-
de I and side II as in the two lower diagramms the influence of the varying grain-struc-
ture of the two sides is recognizable. This is especially noticable with the 7o79-T6
alloy.

4. Conclusions

It has been shown that it is possible to compare the stress-corros.on behaviour of
die-forged structural elements manufactured from different alloys by testing various
types of specimens taken from critical locations on the forging. Using this method it
is possible to obtain values for each alloy for the time to failure under constant load,
which is the total time for incubation and crack-growth; for the time to first crack un-
der constant deflection and for the crack-L.-owth raLo and stress intensity factor KISCC.

The results obtained in all three cases indicate the superiority of the stress-corrosion
behaviour of the alloy AZ 74.61.
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Fig. 1: Location of the specimens on the fitting
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Fig. 3: Stressing fixture for the tension specimens

Fig. 4: Wedge loadedl (-ring Spec Lmen w th attached strain-gauge
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Fig. 5: Alternate immersion test set-up
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7079-T6 AZ 74,61

- 1mm

Fig. 7: Typical fracture surfaces for specimens of 7o79-T6 and AZ 74.61

S stye .. EISUTS OF S IMS& w " - TEST US CD4=
I Total m0" Wber of creco Time to ftint feUwe in hr Tin to froctir in Ir

of credo
Side I Siden 1 Si_, I S Side II diwcton a direction b

I CO 79. T6 0.5602 2 1 1 258 307 M0 356
2 CO 3 2 1 451 61 670 766
3 C21 2 1 57 M

54O3 331 331 356
1 C 3 1 2 91 16 115, 220

8 C 70 .-T6 0*85 v0,2 3 2 1 148 620 476 691

6 LID AZ 7 0.5 0,2 -7 00/9 CO
10 CO JA27+, 0,.S4"02  *

02

I CU 74O - T6 25 kp/u2 2 1 282 2000 1668 2168
2 . I 1 1 - n" -o froctun -
3 CU I 2 1 1 476 499 no froct.Jr no fracture
4 Cu 2 1 1 102 307 258 356
5 Cu 6 3 3 102 356 331 39
e u 79 -6 25k_/.2 • 2 2 102 412 M

79CU CU 2
CU AZ 25 WO/N

"*Sim." . m& f feing* direction . direction of failure uji1
sib -i- M of fs direction b. direction of foilure rW

Fig. 8: Table of C-ring test results
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Fig. 9: Stress-corrosion cracking on a C-rinG specimen of 7079-1'6
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Fig. lo: Typ-icai irntergranular crack-ing on a 7o79-T6 speccLment
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STRESS ORRO•sION CRACKINO OF MARTENSITIC PRECIPITATION
HARENNG STAINLESS STEELS

Michael Henthorne
Supervisor, Corrosion Research

Carpenter Technology Corporation
Reading, Pennsylvania 19603 USA



SUMKARY

Stress corrosion cracking tests on two precipitation
hardening stainless steels, Custom 455 and Custom 450, have
been used to study the effects of heat treatment, product size,
type of test specimen and test environment. Smooth specimens
(tensile, bent beam and U-bend) and precracked cantilever beams
have been tested in sodium chloride solution, salt spray and a
natural marine atmosphere.

The cracking resistance of Custom 455 improves
significantly as the aging temperature is increased i.e. as
the yield strength decreases and the toughness increases.
Specimens cut from large product sizes (e.g. billet) have
lower fracture toughness than smaller sizes (e.g. bar) and
this is reflected in Kiscc values. No normal failures
were obtained for Custom &30 with either the smooth or
precracked specimens.

The validity of KIscc as a design criteria is
questioned. Possible methods of predicting Kiscc from KTc
and electrochemical measurements related to pitting and/';r
crevice corrosion are suggested. The differences between
stress corrosion and cracking in galvanic corrosion situations
are discussed.

?i



STHESS CCRR0SI0 CRAC-ING OF A•IRTENSITIC PRECIPITATION
HARMING STAINLESS STEELS

Wtthael Henthorne

Martenritic, precipitation hardening stainless steels offer an attractive
combination of:

I. Corrosion resistance
2 High strength
3. Toughness
4. Ease of fabrication and heat treatment

Their corrosion resistance eliminates the need for painting or plating and their high
strength and toughness permit weight and cost savings. The unique properties of this
family of materials hea led to the development of several new alloys in recent years.
These are fInding increased use in aerospace and a wide variety of other industries.

Like ali martensitic steels, the precipitation hardening grades can be susctp-
tible to st:rei corrosion cracking at ambient temperatures. Their successful application
is, to o a majer ,nt dependent upon an awareness of this.

Th1, pap;r deals primarily with two alloys-Custom 455 and Custom 450. Data
are presented r-'e mtooth and precracked specimens wit'. particular attention being given
to the role oi Aeat treatment and product size. The interpretation of test data and
suggestions for improved test methods are also discussed.

COMPOSIT-.fON AND VCHANICAL PROPERTIES

'!ploap ,•ompositions and tensile properties are shown in Tablee 1 and 2.
Both a~loyv are fu'Iy martensitic.

Table 1 TYPiCAL ALLOY COMPOSITIONS

A11214n Si P s M. •. o Cu Cb

Cu•tom 455 .0 .1 .1 .015 .005 11.5 8.5 - 2.3 .2 1.2

Custom 450 .03 .3 .3 .015 .005 15 6.5 .3 1.5 .7 -

Custom 455 is designed for uses requiring yield stresses in excess of 200 ksl
and for a wide variety of corrodents can be considered to have corrosion resistance
intermediate between AISI Types 410 and 304 stainless.

Cust m 450 was developed for applications requiring the corrosion resistance
of Type 304. "t can be used in either the annealed or aged conditions.

Table 2 TYPICAL ROOM TEMPEEATURE TENSILE PROPERTIES
(1" IOUND BAR)

0.2% XS UTS % El.
Al=o Condition ksi k ksl in 4D %..

Custom 455 Aged 900OF 245 172 250 10 45
"950*F 225 158 235 12 50

"IO P 20C 141 210 14 55

Custom 450 Annealed 11E 83 141 13 50
""Aued 9000F 186 331 195 57"" 1000°F 169 .-19 173 17 62" " 1150*F 93 65 143 23 69

STRESS CORROSION CRACKING DATA

Smooth Specimens

Results obtained with a variety of smooth specimens and test media are
shown in Table 3. Note that for Custom 455:

1. Resistance to iracking improves with increasing aging temperature. Thia is attributed
to an increase in toughness bince corrosion and pitting resistance do not signifi-
cantl7 change.

2. Bent beam specimens stressed to 90% of the 0.2% flow stress are Just as susceptible
to cracking in salt spray as are U-bends. Although there is a specimen thickness
difference to consider, the similar behavior is attributed to the probability that
in the 9000? age condition cracking is largely controlled by pit formation. Once
a pit forms, an applied stress of 90% of the 2% flow stress is quite adequate to
cause rapid crack propagation.

3. Tensile specimens in 3.5% NaCI at 75 0 F did not crack whereas bent beams at the same
stress level in salt spray at 95 0 F did fail. This is attributed largely to the



greater incidence of pitting in a spray as compared to a solution.

4. The Kure Peach marine test site was slightly more severe than salt spray. This is
attributed to the presence of sand particles at the former. These can deposit on
the specimen surface az jZ.,,ee pitting.

5. There Is considerable scatter in results.

Table 3 STRESS CORROSION TESTS WITH SMOOTH SPECIMENS

DaYs to Failure

ionsile Specimens(-) Bent Beams(b) In U-Bends(c) in U-Bends at
in 3.5% NaCi 20% Salt Spray 20% Salt Spray Kure Beach, N.C.
(21H r. 759A) SPY(P 7. 95"F) JPH 7. 95 §' Lot 800' Lot

Custom 425 NP,, NP, NF, NF 115, 337, 229 4, 141, 463 1, 2, 3 2, 23, 24
Aged 900 F 427, NF NF, NF

Custom 452 NF, NF, NF, NF, NF
Aged 1000 F NF NF

Custom 420 NF, NF, NP, NP NF, NF, NF, NF, NF,
Aged 900 P NF, NF, NF, NF, NP,

NF, NF, NF, NFSNF, NF, NF,

sNt, NF
(a) Tensile specimens with gauge length 9/16", diameter 1/10", stressed to 90% of 0.2%flow stress, NF signifies no failure in 90 day teat for Custom 455 and 45 day test

for Custom 450.

(b) Bent beams (4.8" x .5" x .05") 2 point loading to 90% of 0.2% flow stress in 20%
salt spray, NF Pignifies no failure in 505 day test.

(c) U-bends (3.88" x .105"). NF signifies no failure in 300 days for salt spray
and 1200 and 400 days at Kure Beach for Custom 455 and 450 resDectively. Saltspray for Custom 450 test was 5%.

The data shown in Table 3 for smooth specimens of Custom 450 show it to be
immune to cracking. Some U-bend samples were cut transverse to the rolling direction
and still reristed cracking.

rcgkeu Specimens

Data for precracked cantilever beam specimens of Custom 455 are summarized in
Figure 1. As predicted from the smooth specimens there is a marked increase in Kiscc
as the aging temperature is increased. Note that failures occurred 'n material aged at
1000F whereas smooth specimens were immune. The change in Klscc with aging temperature
is largely a reflection of Klc changes. Klscc Is about 85% of KJO for all conditions.

90

80 4

4 2 4"SO6 -

50 0 90

40o

30

20

tO900 9M0 1000 1050

AGING TENV'ERAPTURE. F

Figure 1. Effect of Original Size and Aging Temperature on
Kjsce for Custon 455 in 3.5% NaCl, pH 5, 750 P.
,o I i I



Carter et al(l) also obtained no failures in material stressed up to 85% of KIc.

Figure 1 shows a marked inflaence of product size and emphasizes the need to
define this when discussing Klsc. Again, changes due to product size are largely a
function of K;c changes. Grain size decreased from ASTM 2 for the 9" square to ASTM 7
for the 1-1/4 square. All of the date shown in Figure 1 is for beams cut longitudinal
to the working direction. Transverse cut specimens were evaluated for the 9" square
material and yielded Kie and KIscc values about 10% lower.

Custom 490 was also testel in 3.5% NaCl solution (pH 3.6) at 75 0 F. The notch
and preczak were perpendicular to the 3/4 thick plate used for this study. KIc was
75 KSI 4 in. for full hardened material (aged 9000F). No failures were obtained in
stress corrosion tests at stress intensities as high ab 90% of KIc (1800 hour tests).
This confirms the smooth specimen results showing the alloy to be highly resistant to
cracking in chloride media.

SIGNIFICANCE OF KIscc

There is almost a linear relationship between KIscc and yield strength for
Custom 455 as expected from previous experience with AISI 4340 znd 18 Ni maraging steel -

see Figure 2. KIscc-yield strength relationships for three defect sizes are plotted
in Figure ? using the following relationship anc aosuming the existence of yield point
stresses?2 y.

acrlt - 0.2 (Klscc/aYS)2

Where acrit is the critical defect length (assuming long, thin defects'.

Theoretically, a material whose product form . I heat treatment put it above
the calculated line for defects of size "X' will resist c. 'king in this media provided
there are no defects larger than size X

200
X-%8-Ni maraging
*-Custom 455

160-- ,3.-AISI 4340

120 X

800

100 150 200 250 300 350

0.2% yield strength, ksi.
Figure -2. Klscc- Yield Strength Relationships, 3.5% NaCl, pH5

The validity of using Kjscc as a design crite-,ria is questionable, however.

Diring o r work on Custom 450 we noticed an interestirg phenomena which Browr has also
reported(3) for a precipitation hardening 13Cr-aNI-2Mo stainless steel. We observed

failure of cantilever beam specimenl away from the notch and precrack as shown in
Figure 3. Cracking started at a pit formed in the crevice between the corrosion cell
and the specimen. Some aging scale left on the specimen probably accelerated the attack.

Brown logically uses the type of failure shown in Figure 3 as evidence that a
prime function of a precrack in to serve as a crevice for local chemistry changes --

more specifically a lowering of the pH to produce a potential -pH condition conducent
to the formation of hydrogen. In a case such as shown in Figure 3 the crevice at the
cell wall was more capable of producing cerrosion and hydrogen than the one at the bottom
of the notch. The fact that a crevice ay1sted along the sides of the specimen at the
cell wall would also give a povent~ally greater source of hydrogen.

in addition to helping eipla'n the role of crevices the behavior in Figure 3
is very significant in that It definitely poi.nts to a weakness in the use of Kisc, data

in design work. The initial stress intensity in the stress corrosion crack area of the
specimen shoun in FiguE._ must have been very low indeed, whereas the test data predict
Klscc KIc 75 KSI jIn.



Corrosion Pit
which initiatud crack

Complete failure by Specimen fractured merhanically iX
stress corrosion cracking after test to measure initial
after 900 hours stress intensity (actually 90%

o' Kix)

Corrosion
Pit

SMechanical failure

Stress corrosion fracture surface, 2X

Figure 3. Stress Corrosion Cracking Initiated at Crevice Between Corrosion
Cell and Test Specimen. 3.5% NaCl, pH 3.6, 750 F.

Another question relating tc the use of KIscc can be described with the
following example. Steel A has a Kic of 70 and a Klscc of 60. Steel B has a KIc of 50
but does not fail by stress corrosion cracking in tests of the type described here i.e.
Klscc - KIc - 50. Which material is most suitable for service in media similar to that
used in the testing? Strictly from a mechanics point of view one might select steel A
as having the highest Kiscc. However, since steel B appare,'tly has better corrosion
res!stnce it might be expected to be less susceptible to cnemistry changes that could
octutr in more serious crevice (and longer exposure times) in service.

Data developed in recent years(3-5) indicate more and more that stress
corrosion cracking in high strength steels is ca sed by hydrogen. To resist cracking
a steel must therefore have good general, pitting and crevice corrosion resistance tc
minimize the amount of hydrogen produced, and good toughness to be able to tolerate
small amounts of hydrogen that do enter the metal. These two items (toughness and
corrosion resistance) are believwd to be the governing fact6rs in determining whether
cracking will occur. Obviously there are other important factors e.g. role of surface
chemistry in determining how much of the hydrogen produced enters the metal and the
behavior of this hydrogen I i the strained lattice.

An example of the need for both toughness and corrosion resistance to resist
cracking is shown in Table 4. Custom 455 has relatively good corrosion resistance and
its Klacc is a high perce.,tage of KIc. %ustom 450 has even better resistance and it
does not fail at all in the test. Note that the good corrosion resistance of both of
these alloys is deperlent upon the fact that the hardening precipitate does not deplete
the matrix of large amounts of corrosion resistant elements (e.g. chromium). The
experimental alloy on the other hand Is quite susceptible to cracking even though i,
haa the highest toughnecs. Its poor performance is attributed to the presence of corrosion
resistant elements in the hardening precipitate. The depletion of the matrix in these
elements lowers the alloy's corrosion resistance. This reEults in a ready source of
hydrogen (from the corrosion reaction). U-bends of the experiuental alloy also failed
very readily, even in high humidity without any chlorides.

Table 4 INFLUENCE OF HARDENING PRECIPITATE ON Klscc (3.5% 111C1, pH 5, 75 0 F)

Alloy Aging TemP. KIc(KSI, JTn.) Klscc/Klc % Karening Precipitate

Custom 455 95C F 67 87 Laves (Fe, T'
4

Custom 450 9000 F 75 100 Laves (Fe, Nb, Co)

Experimental 975"F 105 <50 R Phase (Cr, Mo, Co Fe)



NEW TEST MNTODS

The probability that stress corrosion cracking in this type of material Is
largely dependent upon two factors (1) toughness (2) corrosion and chemistry changes in
crevices, pits etc. suggests alternaLive means of evaluation.

One could feasibly increase the severity of the precracked test by introducing
crevices on the sides of the specimen adjacent to the crack but this might prove difficult
to quantify. Alternatively one might be able to diapsnne with the stress corrosion test
altogether in some systems. For Custom 455 for example, KTscc is very much dependent
upon Kic because the factors which change KIc have little effect on corrosion resistance.
Possibly tI behavior could be predicted from pitting potentials and/or protection
potentialasM) derived from anodic poletiztion data. This approach might also predict
the type of phenomena shown in Figure I.

Kic and pi ting/protection potentials can be determincd in a few hours and
the use of some function of these to predict stress corrosirn crackilg behavior could
perhaps eliminate the need for many stress corrosion tests. The writer wishes to
emph3asize that he Is suggesting this as a possible approach and realizes (as noted
above) that many other factors can be important in a stress corrosion situation.

CONTACT WITH ACTIVE METALS

Precipitation hardening stainless steels may come Into contact with more
active metals during service. This occurs frequently in systems using active metals
for galvanic protection or (particularly in aerospace applications) where low density
metals such as aluminum are in widespread use.

This contact with active metals such as aluminum can result in cracking of
the stainless steel. This is not stress corrosion cracking but hyarogen cracking due
to hydrogen produced on the stainless steel which is serving as a cathode.

In predicting the performance of high strength stainless steels In this
situation it is bometimes erroneously assumed that a material with better stress
corrosion cracking resistance (e.g. low KIc/KIscc ratio) will be more resistant. This
is not necessarily so and depends upon why a material has tue low ratio. If it is
resistant to stress corrosion cracking because of high toughness then this property
will be useful in resisting hydrogen cracking when in contact with active metals. On
the other hand if it owes its stress corrosian cracking resistance primarily to good
corrosion and crevice corrosion raslotanc3 then these properties are of no use in
avoiding the galvanic corrosion problem and could in fact aggravate it by increasing
one of the driving forces (potential difference). For example, the experimental alloy
in Table 4 would very probably be superior to the other alloys in a galvanic ccr'rosion/
hydrogen cracking situation even though its ctress corrosion cracking resistance is
inferior.

Toughness, potontial differences, area ratios, design parameters and
polarization characteri utics (particularly for the active metal) are more useful for
predicting performance in theue situations than are stress corrosion cracking data.

CONCLUSIONS

1. Smooth and precracked specimens of Custom 455 show improved stress corrosion cracking
resistance as the aging temperature is increased. Aging temperatures of 950°F and
preferably higher are normally used for applications where stress corrosion cracking
is a suspected possibility.

2. KIscc for Custom 455 decreases with increasing product size in the same way as Kic.

3. No regular failures were obtained in either z,,oth or precracked specimens of full
hardened Custom 450. The alloy is therefore superior to other precipitation
hardening stainless steels. However, It Is not Immuite to failure in chloride
solutions as evidenced by cracking under large crt*-1'e areas.

4. Precracked elecimens show much better reproducibility than smooth specimens for a
grads such as Custom 455 and repro-ient a more severe test.

5. The use of Kiscc as a design criteria is questionable in view of the probability
tnat design factors (e.g. crevices) in service could cause the corrosion aspect of
cracking to dominate and produce cracking at lower stress Intensities.

u. Stress corrosion cracking in thecc materials is uelieved to be caused by hydrogen
and to be very much dependent upon the interplay of (1) toughness and (2) corrosion
resistance. It is suggested therefore that it might be possi.ble to predict stress
corrosion cracking resistance b,•seOI on i consideration of KIc and anodic polarizatian
parameters such as pittIng and/or protection potentials.

7. Failure of martensitic itainless steels in contact with more active metals (e.g.
aluminum) is not stress corrosion cracking and stress corrosion test data is of
limited value for predicting performance in these situations.

'(!
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INVEMIGATIft OP AN ACC ATED SRESS CMIMO (RACKLI HEIM

W. 11130, J. MWZ and E. HEZOG

Abstract.

The authors suggest an accelerated slow strain rate tensile method of testing which could be
very useful for inspection purposes. Slow straining in nitrate, N&AN and acid envirom ants
are described.

I. DIM' TIMCt

The choice of correct and rapid testing methods is quite intricate when the material is exposed to
both corrodent and stress. Accelerated methods of testing are necessary either for selecting a material appro-
priate to withstand a certain stress level, either for the same material under different service conditions or
for selection of the most appropriate type of assembly i.e. weldent, heat treatment before and after welding,
the life of bolts and riwets. Life and safety concerns should also deal with the unforeseen factor i.e. with
higher stress levels, yielding and straining in notched areas or with a plastic accommodation of the structm-e.
The simplest stress distribution is found in uniaxial tensile testing ; a great number of tests are however
required since different stress levels are to be tried both in the elastic and plastic ranges.

With a stable miarial, these Tests run over a 14 time as a result of which numerous points on a
stress vs. time curve are to be plotted. An attempt was made to develop a more rapid method of testing likely to
put forward initiation and propagation of particular paths of corrosion such as pits, grain boundaries along slip
planes. These various types of attack frequently appear at the vicinity of the yield point, and after yielding in
the plastic area. The authors decided therefore to proceed at slow strain rate, starting for example at a 0,7 to
0,5 fraction of yield point up to rupture i.e. at a 0,8 - 1,6 % elongation rate per hour. Strain rate is dependent
on the purpose of investigation, in our case, the ageing of mild steel and our aim being a result after 24 to
50 hours. In unalloyed steels, C and N atoms diffuse rapidly at 100/1300C, the temperature boiling range of
nitrates, caustic soda and acid solutions. This diffusion promotes intergranular corrosion in some cases in pre•-
sence of passivating and specifically adsorbable anions.

Ovr investigation has been carried out at a rate of 10-5 cm . sec- 1 
i.e. the diffusion rate of C + N

atoms in a fe-rits. Indeed, with high rates (10 %/h), the ,train iate exceeds the propagation rate of intergranu-
lar corrosic to r7-roture is of a mixed type i.e. a su:,erficial intergranular attack and ductile cup and cone
rupture over ta. major part of the section. This method of testing has already been described in earlier publica-
tions deal ig with research on C-and low alloy steels by the laboratories of Prof. PARKINS, BOHNENKAMP and
Socidtd Nouv -Q, des Aci~ries de P(UPE. These studies were carried out on smooth cylindrical specimens.

As regards titanium, stainless, copper and aluminium alloys, more work was reported on sharp notched
pre-cracked test bars (see bibliography). There exist of course other publications in this connection, we only
quoted a few examples. The aim of the present paper is to emphasize the practical interest of such testing
methods likely to be used for inspection purposes. It does not require costly facilities and test interpret4tion
is easy. We had no further considerations in mind and did not use other techniques such as electro-chemical mea-
surements.

II. EXPERIUMeTAL TECHNIQUES

In our corrosion tests, we always use the same type of specimen in the same material conditions,
whatever be the method retained L.e. a tensile test bar, 0 4 nn, with smooth surface, polished mechanically,
useful length 30 mm and 5 mm radius to threaded ends. This sample can be strained in a tensile-corrosion dead load
and lever type testing device, under the following conditions

1. without stress
2. under constant stress
3. with slow tensile strain rate
4. under stress relaxation (was not used).

The present paper describes the results obtained with conditions 1, 2 and 3 on different steels and
with different corrodents. A closed container the upper part of which was cooled, carried the boiling solution.
Thus concentration remained constant.

III. RESULTS

Corrosion in boiling nitrates

The behaviour of normalized rimed steels, Al or Si killed steels (carbon range : 0,02 to 0,7 %) was

observed in a solution containing 57 % of calcium nitrate and 3 % of ammonium nl £rate ; (:ensity 1,3 and pH 6,5
at 1080C.

Our aim was to show the s.c.c. determining influence of the carbon content in the different mothods
of investigation.



* Without stress

In certain cases, intergranular corrosion initiation mechanisa can be observed by.a corrosion test
without stress. Specimens were imersed in the boiling solution. Exposure time : 100, 200 and 300 hours. The
effect of the corrodent has been observed trouglh microscopic examination of a longitudinal section. Owing to
potential differences between the grain face (passivated) and the boundary (active) difficult to measure at this
scale, all C-steels were, to some extent, sasceptible to intergranular co.-rosion. Depth of intergranular corro-
sion increases within a decreasing C content. At a carbon range of 0,02 to 0,06, intergranular penetration rate
increases with time (figure 1). Intergranulaa crack initiation and propagation have been noted (without applied
stress) (micrography - fig. 2). From a certain carbon content i.e. C > 0,12, depth of intergranular corrosion
is constant after an exposure time of 200 hotxs. Cracks are stopped by pearlitic areas (fig. 3). Figure 4 shows
depths of intergranular attack versus carbon contents of the steels investigated after a 300 hours exposure tive.

On the other hand, very pure, C-free iron is not subject to grain boundary attack as steel with C + N stabilized
by Ti.

* Under constant stress

Steels with different carbon contents were loaded under constant conditions for stresses under, equal
to and above yield point (E 0,2). The specimens were cut along their axis and the depth of intergranular attacks
was measured. Results are shown in figure 5. Properly 9peaking. steels with a carbon range of 0,01 to 0,06 do
not have a non rupture level. This situation is confirmed by the fact that they already exhibit propagation of
intergranular cracks without stress. Under 0.4 E 0,2 and rupture after v 300 hours, intergranular cracks reaching
1 mm of depth were observed on each side of the rupture. Non rupture level increases with carbon content ; for
C > 0,12 %, it is nearly equal to E 0,2. Beyond this content, uniform general intergranular corrosion (depth 40
to 60 0) is observed on the specimens which have not ruptured after 500 h exposure, (tress > E 0,2). Depth of
attack varies with grain size and with the distribution of pearlitic alignments which act as crack arresters.

* With slow strain rates

Specimens were strained slowly in oil and nitrates at an initial rate of I0-5 cm s-1 at 110 0 C
(0,8 %/h). The stress-strain curves were recorded by a dynamometric ring provided with strain gages. The tensile
specimen was gripped within a tight vessel containing the boiling solution. A comparison was made of the stress-
strain curves obtained in the nitrates and in oil (at 1100C).

- yield point E 0,2
- maximum stress reached during testing R
- specimen life time t
- elongation and reduction of area (%)
- strain hardening t oil
- time to rupture ratio t corrodent

- maximum depth of cracks on the broken specimen

a). near the threaded ends : slightly strained area
b). near the rupture, a heavily strained area

As an example, we show tVe curves registered for the steels containing 0,02, 0,17 and 0,7 % of C. The rupture
energy for slow strained specimens under corrosion could be compared to that of uncorroded ones.

Steel containing 0,02 % of C

In oil, rupture is induced after 15 hours with an elongation of 22 % and maximum R of 54 kg/mn
2

. In
nitrates, brittle fracture occurs after 2 hours with a maximum load of 28 kg/il

2 
(figure 6).

Propagation of scc during straining is tepresented by fig. 7 ; these tests were interrupted at
different steps of the curve.

First step : Examination after the first curve jog showed one 0,25 mn crack starting at each end of the tensile
specimen, and numerous ouh'r minute cracks of 0,02 mm.

Second step : After the 2nd discontinuity, the cracks near the end had reached 0,45 am, while the minute cracks
distributed over the length of the specimens measured 0,02 - 0,03 m•m

Third step A At the third discontinuity, numerous mouths of cracks (depth 0,5 mm) had appeared, which, after
slight elongation induced rupture of che specimen. Intergranular crack pripagation thus initiates
near yield point elongation.

Steel with 0,17 % C

The first cracks (figure 8) are only detedt.d at the first disr, tinuities of the stress-strain curve

in the plastic rax.ge. When C content increases, these discontinuities app-.ý*r farther in the plastic range. Crack
propagation is located in the plastic area of the rtuve. Above a C contev'I of 0,5/0,6, the slope of the stress-
strain curve becomes smooth after yield point.

Steel with 0.7 %' C

Figure 9 shows the yield point followed by a smooth curve. Under the present slow strain rate condi-
tions, a crack in steel containrng 0,7 % carbon, propagates at the point of mechanical instability due to sýress
concentration as a result of the reduction of area. The test was run for 2 h 20 for a maximum R of 55 kg/m
(microscopic examination shows an intergranular crack in pearlitic structure - fig. 10). The table (fig. 11)
sumarzres the main characteristics obtained with the three test methods, Slow strain rate tensile testing
arrived much more rapidly at the same order of merit for the tested C-steels. Consequently, this r, thod deserves
cl.jer investigation.



Corrosion in Na&W envirogment

The action of Nai on stress cracking corrosion is swh slower than that of the ammonium nitrates.
In x first stage, slow straining was used in order to determine the most dangerous concentration for intergra-
nular corrosion in mild steels containing 0,02 % C (fig. 12) (strain rate was reduced to 0,8 %/h against
1,6 %/h in nitrates). The criteria retained for corrosion in 35 % N&W boiling solution were

- the specimen life time

- the loss of rec.uction of area
- the depth of irtergranular attacks

a). in the body of the specimen
b). in the necking area

Corrosion under constant stress

Intergranular corrosion without stress and imposed potentiel say occur under certain extreme condi-
tions in steels used in industry in caustic soda solutions. Grain boundaries are attacked, grains are disinte-
grated and dissolved. This process also occurs under static load and under E 0,2 stresses or above. Time to
rupture is usually very long. The effect of a 35 % caustic soda solution on specimens under a stress near E 0,2
was observed after different expasure times (the steels were identical to those tested in nitrate environments)
(fig. 13). Increase of C content influences favourably the intergranular corrosion resistance both in N&0H and
nitrate envirooment.

. Stress corrosion cracking with slow tensile straining

Correlation found between the E loss ( A E), the crack depth under slow straining conditions and
the behaviour of steel under constant load is satisfactory (taLle V - fig. 14).

Acid corrosion

Slow rate straining was used for the determination of the intergranular corrosion resistance of
austenitic steels in an acid environment. The test solution had the following chemical composition

110 g/1l P2 05  250 g/l CaO

600 g/l NO3H

Tests were carried out at the boiling temperature of 1320C. A duplicate test has been mad- on a

stanoard steel Z 6 CN 18-10 at various heat treatments (C 0,05 Cr 17 Ni 10)

a). hyperquenching 11000C 30'
b). and subsequent annealing at + 7000C 30' (carLide precipitation)

Mechanical characteristics

Table VI (fig. 15)

Treatment Temperature A A E %

20 23 56 65 801100'C T.E. 130 19 45 43 80

11000C T.E. 20 23 57 65 79
+ 7000C 301 130 19 46 42 80

•Direct attack (without stress)

On hyperquenched and sensitized austenite at 7000C. After a tes± duration of 15 days, generalized
intergranular corrosion depth of 300 ji had occurred.

. Corrosion under constant stress

Table VII (fig. 16)

Treatment Stress Specinen negaurcoosn
kg/mm2 Life lime negaurcoosn

11000C TE. 17 S 240 h none

intergianular corrosion over
11000C T.E. + 7000C 17 118 h whole specimen. Brittle frac-

ture wihout deformation
F• 100O %



.Slow rate straining corrosion

(v = 0,8 %/h)

Table V111 (fig. 17)

Treatment Specimen R maxi A % A % % Stress cracking corrosionLife Tie kg/nO2

11000C T.E. 97 h 47 52 0 "M

11000C T.E. + 700"C 9 h 17 0 100 entirely intergranular

The susceptibility to intergranular corrosion of this steel, at sensitized condition, is strongly
enhanced by slow ten.-ile straining. (fig. 18)

IV. CONCUJSIOIS

The interest of slow rate tensile strain testing (0,8 to 1,6 %/h of elongation) has been shown
for the following cases :

- C-steels in concentrated solutions of boiling nitrates and
caustic sods

- sensitized stainless steel 18/10 in an a-id environment.

Compared with tests under constant stress and stresses equal to yi.eld point, the cýonoeo of time
is considerable and the number of tests reduced. In a caustic soda environment, intergranular rupture is
achieved between 30 and 40 hours, whereas a test at E 0,2 needs 100 times more. This method of testing allows
determination of the parameter.A which accelerate or induce rupture e.g. concentration of a corrodent, iegree
of cold work etc. A rapid assessment of rupture riskls, dange" of initiation and propagation of particular
co-rosion typ',s is possible.

In our opinion, the latter point is the most important one i.e. providing the possitility of
assessing these dangers in ductile and carbon steels in x given environment und under g.ven conditions. Last
but not least, the comparison and inspection of materials by a standard test, quite easy, become possible
thanks to time limitation.
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Table I

Depth of intergranular attack

C content (E) -xposure tim

100 hours 200 hours 300 hours

0,02/0,04 40 pi 70 Ii 210 p

0,17 101. 25 i 251±

0,70 5 L 10 IL 10 u

Figure 1

Corrosion tests in boiling nitrate solution
kwi'hout stress 300 hours)

C = 0,02 Gr x 500 Propagation of intergranular attark

Figure 2
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Intergranular crack in pearlitic structure

Figure 10

Table II

C 0,02 C 0,17 C 0,70

1). without stress
Depth of penetration at 300h 210 25 10
Propagation rate increasing nought nought

2). with stress
Stress without rupture (tNR) ncught 1,2 E 1,7 E
Depth of penetration after > 1 mm 40/50 p 30/40
500h (INR) (0,4 E/300 h)

3). Slow rate tensile straining
R maxi kg:mm2  25 38 55
E kg1nmm2  20/28 23/28 35
Strain hardening R-E nought 10 20

Time ratio cor 8 5 4corrodent

Range of stress propagation Elastic (without stress) Plastic (after yield Point of mechanical
point elongation) instability (necking

area)

Maxmum depth of cracks after
slow straung > 1 m 100 ) 50 ]1

r to rupture % 0 2/3 % 4/5 %

Figure 11

Table III

Concentration of Loss of
boiling NaOH L.fereduction of Corrosion types

% h kg/mm2 area

15 44 43 2,8 Localized intergranular penetration
of 15 .

25 41 40 5,5 + numerous intergranular penetration
of 25 11

34cneralized intergranular corrosion35 26 40 2050dO~in
200 4. and 400 j. in E

45 35 43 7 Jransgranular and important dissolution

ligure 12

'72



Table IV

Steels E 0,2 Stress Life time Observations regarding corrosicn typesIkVQ• k/MM2 hours

C 0,02 22 20 SR 720 h Grain disintegration-intergranular cracks of 15( p

25 R 1 828 h Brittle rupture, grain disintegration, intergr&nalar
Lracks > 1 mm

C 0,17 23 25 SR 720 h Grain disintegration, intergranular cracks 25 it
25 R 1 440 h Grain disintegration, intergranular crack-% 45 it
25 M 28P0 ih Grain disintegration, intergranular cracks 45 11

C 0,35 35 40 SR 720 h Grain disintegration. .ntergranulax coxrosion 10 p
40 M 1 440 h Grain disintegration, intergranular corrosicn 15
40 St 2 880 h Grain disintegration, intergranular corrosion 15 IL

R rupture M = without rupture

Figure 13

Table V

Steels cimen life R max mu Corrosiontime (h) kg/Mn2

C 0,02 26 40 52 Generalized intergranular corrosion from 2"'
to 400 ýi in E

C 0,17 Generalized intergranular corrosion 40 to 150
(rimmed) 37 50E

C 0,17 43 35 30 ditto

C 0,35 30 50 30 Generalized intergranular corrosion 40 and
90 11 in C

Z necked area near rupture

Figure 14

ACID CORROSION Staiialess steel 18/10

Gr x 2 G, x 11

( 4r 2-0

Intergranular corrosion feathue in acild ihvironm,,. 1'igure 18

,t 1 3
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A•stract

The microscopic features of stress-corrosion cracking in steels with high yield
strength are reviewed with the objective of establishing specific characteristics by wIich
stress coriosion crn be iden'.ified. Photomicrographs of stress-corrosion cracking obtained
under known exposure conditions on specimens of alloy steels, of precipitation hardenable
stainless steels, and of maraging steels are j- esented and discussed. The nDst consistent
feature of stress-corrosion cracking in these steels is that it usually initiates at mul-
tiple sites on the steel surface. Cracking may be intergranular or transgranular depending
on the alloy system and the en'ironment. Branching occurs in some instances but is not a
consistent characteristic of stress-corrosion cracking in steels with high yield strength.
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MICROSCOPIC IDENTIFICATION OF STRESS-CORROSION
CRACKING IN STEELS WITH HIGH YIELD STRENGTH

E. H. Phelps

Introduction

When service failures are encountered, it is essential that a correct diagnosis
of the cause of failure be made so that appropriate corrective steps can be taken to
prevent further occarrences. When stress-corrosion cracking is the suspected cause of
failure, a careful microscopic examination is probaw'- the most important diagnostic tool
available. In this paper, the general guidelines that have been used in the past for diag-
nosing stress-corro3ior. cracking will be reviewed and compared with the microscopic appear-
ance of stioss-corrosion cracks produced in steels with high yield strength under known
exposure conditions. The intcnt is to provide a guide that will assist future investi-
gators concerned with the rerformance of the higher strength steels.

Metallographic techniques are used to examine cracks by cutting and polishing
cross sections or surface sections, the former being the most common method. The sections
should preferably be cut to include secondary -racks, if they are present. The -ost infor-
mative procedure is to first examine the polished specimen bef,.re etching and again examine
after etching. The unetched condition is most suitable for reve.ling the details of the
crack path. Light etching permits the observer to determine the relationship between the
crack path and the microstructure. The scanning electron microscope (SEM) is an extremely
powerful tool for examining the fracture face itself. Replica techniques can also be used
for this purpose but they are very time consuming and do not provide the large depth of
field that can be obtained with the SEM.

The following criteria for diagnosing cracks as stress-corrosion cracks have been
discussed previously1 ) and are presented here to serve as a basis for the discussion to
follow.

1. One criterion is to determine whether the path of cracking is the
same as the characteristic path for stress-corrosion cracking in
the alloy system involved. For example, in annealed stainless
steel, stress-corrosion cracking characteristically follows a trans-
granular path, whereas in carbon steel it characteristically
follows an intergranular path. It should be recognized, however,
that this criterion may sometimes be misleading when metallurgical
or environmental factors have an influence on the path of cracking.
As an example, some alloys are known to exhibit both intergranular
and tzansgranular cracking. As another example, it is known that
thE path of cracking in some alloys can be controlled between trans-
granular and intergranular paths simply by changing the environment.

2. Perhaps the most useful criterion in metallographic examinations is
that stress-corrosion cracks usually follow branched paths through
the metal. This is a fairly general characteristic and applies
whether the cracks are transgranular or intergranular. Even this
criterion is not universally applicable, however, because sometimes
stress-corrosion cracks are not branched.

3. Another characteristic of stress-corrosion cracks is that they
usually initiate at many points on the surface, whereas mechani-
cally induced cracks generally have one point of initiation.
However, this is also a ýeneral rather than a universal charac-
teristic.

Microscopic Alpearance of Stress-Corrosion Cracking
in Steels With High Yield Strengths

The rnicroscopic appearance of stress-corrosion cracking in a number of dirferent
heat-treated martensitic steels with high yield strengths is presented in Figures 1 to 14.
Figures 1 -o 11 are metallographic cross section3 and in all cases the path of cracking
is from the top of the photomicrograph, Figures 12 to 14 are photomicrographs taken witn

* See References,
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the scanning electron microscope. All the cracks shown developed under known conditions on
several different types of stress-corrosion specimens. Some specimens were exposed to lab-
oratory solutions, whereas others were exposed to marine atmosphere, flowing sea water, or
tidal exposure. The latter exposu:es were conducted at the International Nickel Company's
test facilities at Harbor Island and Kure Beach, North Carolina. Each figure includes per-
tinent information concerning the steel tested, exposure conditions, and exposure time. The
chemical compositions of the steels are presented in Table I.

The photomicrographs shown were selected as being generally representative of the
stress-corrosion cracks produced by the stated exposure conditions. They were chosen from
the results of a number of different research programs conducted by the Applied Research
Laboratory over the past several fears. With the exception of Figures 13 and 14 which show
the appearance of cracks produced by applied cathodic current, all the cracks ii, the photo-
micrographs are considered to be stress-corrosion cracks in accordance with the definition2 )
of this phenomenon, "Cracking resulting from the combined effect of ccrrosion and stress."
However, for some of the cracks shown, the actual crack propagation mechanism may involve
embrittlement by hydrogen generated at the cathodes of local corrosion cells on the steel
surface. Cracks of this type are nevertheless still regarded as examples of stress-
corrosion cracking, the definition of which does not imply a mechanism.

The salient features of each of the photomicrcgraphs are as follows:

Figure 1: Cr-Mo-Si-V alloy steel in marine atmosphere

Crack path appears to be intergranular with respect to prior
austenite grain boundaries. Relatively little branching is
evident.

Figure 2: Ni-Cr-Mo alloy steel ii H2S solution

Crack path is transgranular as evidenced by straight portions
of cracks. Crack shows extensive branching, and multiple
initiation of cracking is evident et corrosion pits.

Figure 3: 12Cr-Mo-V stainless steel in marine atmosphre.e

Crack exhibits extensive branching and is intergranular with
respect to prior austenite grain boundaries.

Figure 4: Precipitation hardenable stainless steel in marine
atmosphere

Crack is unbranched and transgranular as evidenced by straight
path.

Figure 5: 18Ni-Co-Mo maraging steel in marine atmosphere

Photomicrograph shows multiple sites of crack initiation at
corrosion pits. Crack path is not apparent.

Figure 6_ 18Ni-Co-Mo maraging steel in marine atmosphere

Photomicrograph shows multiple crack initiation at corrosioit
pits. Cracks exhibit relatively extensive branching, bnt
path with respect to grains is not evident.

Figure 7: 18Ni-Co-Mo ma-aging steel in marine atmosphere

Crack shows moderate branching and is predominantly intergranular.

Figure 8: l8Ni-Co-Mo maraging steel in marine atmosphere

Crack is relatively unbranched and appears to follow planes in
the structure. Intergranular and transgranular cracking are
both evident.

Figure 9: 18Ni-Co-Mo maraging steel in sulfide solution

Crack is highly branched and transgranular, %

Al%
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Figure 10: l2Ni-SCr-3Mo maraging steel with vield bead in
tidal zone

Crack is unLranched in weld metal and heat-affected zone but
starts to branch as it approaches base metal. Path is pre-
dominantly intergranular in base metal.

Figure 11: 18Ni-Cr-Mo maragirg steel in flowing sea water

This photomicrograph shows the tip of a propagating crack in
a precracked wedge-open-loading specimen. Note that the tip
area contains a large number of branched, transgranular cracks.
Application of fracture mechanics to correctly determine the
stress intensity is not possible with this type of crack-tip
behavior.

Figure 12: 12Cr-Mo-V stainless steel in 3 percent NaCl with
applied anodic current

With these exposure conditions, earlier work 3 ) indicated that
the cause of crack propagation is active-path corrosion.
Recently, however, it has been proposed 4 ) that hydrogen absorp-
tion is responsible for crack growth even with applied anodic
current. In this mechanism, hydrogen absorption takes place
in the crack-tip region as a result of cathodic discharge of
protons resulting from hydrolysis of anodic-dissolution pro-
ducts. Anodic dissolution is thus considered to be necessary
for crack-tip acidification but is not the primary crack-growth
mechanism. The scanning electron micrograph clearly shows that
the initial portion of the crack is intergranular and that
corrosion on some of the grain surfaces has occurred. The
original machined surface and a region of ductile tearing are
also evident.

Figure 13: 12Cr-Mo-V stainless steel in 3 percent NaCI with
apglied cathodic current

With applied cathodic curren , the mechanism of crack propaga-
tion is hydrogen embrittleE It. 3 ) The scanning electron micro-
graph shows that the crack _n the area shown is intergranular.
Crack branching is evident at the grain intersections.

Figure 14: 12Cr-Mo-V stainless steel in 3 percent NaCl with
applied cathodic current

This photomicrograph shows the appearance of a different area
of the same specimen described in Figure 13. In contrast to
Figure 13, the mode of crack propagation in the area shown is
quasi-cleavage.

Summary

On the basis of the photomicrographs presented herein along with previous experi-
ence, certain generalizations appear to be justified with respect to microscopic identifi-
cation of stress-corrosion cracking in heat-treated martensitic steels with high yield
strength.

1. Perhaps the most consistent observation is that multiple points
of surface initiation are usually observed regardless of the
particular alloy ot environment.

2. Branching may or may not be observed. If branching is observed
in an investigation of a service failure, it is certainly sug:
gestive of a stress-corrosion mechanism as the cause of failure.
However, absence of branching does not necessarily r an that
stress-corrosion is not a factor.

3. With respect to the path of cracks across grains or along grain
boundaries, the following patte-ns are generally followed:
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Steel Environme•at Pattern

Alloy steel Marine Intergranular
Alloy steel Sulfide Tranegranular
Precipitation-hardenable Marine Transgranular

stainless steel
Maraging steel Marine Intergranular or

Transgranular
Maraging steel Sulfide Transgranular
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SUMMARY

The proposed application of titanium alloys as thin gage radiative metallic heat shields in the
thermal protection system of space shuttle vehicles has generated renewed interest in hot salt stress
corrosion cracking, and how it may impact space shuttle design considerations. The test program
described herein was conducted to determine if onset of hot salt stress corrosion cracking would occur
in the cumulative exposu -e of time, temperature, and stress currently considered for titanium heat
shields in the shuttle mi,,sion. In adaition, efforts were made to assess the effects of cyclic exposure
on cracking, to compare the resistance to cracking of the two proposed prime candidate alloys
(Ti-6AI-4V and T'-6A1 -2Sn-4Zr-2Mo) and to determine the effect of Mach 3 airflow on cracking
behavior. The results indicate that cracking will occur on salt coated specimens continuously exposed
in aboratory ovens for 100 hours at temperatures and stresses proposed for shuttle TPS application.,
However, both cyclic exposure and exposure in a Mach 3 airstream tend to decrease the damage
observed. The Ti-6AI-4V" alloy exhibited a higher threshold stress than the Ti-6AI-2Sn-IZr-2Mo
alloy but suffered more apparent damage once onset of cracking occurred.
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HOT SALT STRESS CORROWICN CRACKING OF TITANIUM ALLOYAS -
OVERVIEW ANID IMPACT ON !:PACE SHUTTLE APPLICATION

by

W. Barry Lisagor and James E. Gardner
NASA Langley Research Center

H'.nipton, V,rginia, U.S.A.

INTRODUCTION

The proposed application of titanium alloys to space shuttle vehicles has generated renewed inter-
est in the phenomenon of hot salt stress corrosion cracking, and its relevance to particular shuttle
requirements. If titanium alloys are to be utilized as thin gage radiative metallic heat shields in the
sl'uttle thermal protection system, the effects of hot salt stress corrosion cracking on design considera-
tions must be determined.. Much of the data and understianding of the hot salt problem were developed
in support of supersonic aircrait application and will be directly applicable to space shuttle technology.
However, space shuttle requirements will invý, ve higher use temperatures but shorter cumulative high-
temperature exposure times than have been considered before for the aircraft application. Additional
testing to the shuttl2 exposure conditions is therefore necessary to insure optimum design.

Although the g ~aeral hot salt stress corrosion cracking mechanism has been substantiated by
experimental progr .ms, the effects of specific environmental variables on the cracking process are not
completely underv.ood. Thus, engineering data on hot salt stress corrosion crackcing in environments
which simulate tie proposed application must be obtained in order to make meaningful predictions on
the criticality of the problem for that application.

Data on the hot salt stress corrosion cracking of candidate alloys are particularly needed at
proposed use temperatures exceeding 6000 F. For example, titanium alloy sheet has been proposed
f-. use in the space shuttle chermal protection system for madimum oerating temperatures as high as
1000° F.. This paper presents a review of the most recent work r(n hot salt stress corrosion cracking
both for mechanisms of damage and engineering data found in the liter:ature. Identification and descrip-
tion of some research tools found to be particularly suitable for * he study of this phenomenon are
included. Finally, the results of a preliminary study of the effect.: of viot salt exposure on titanium
alloys subjected to exposures indicative of proposed space shuttle application are presented.

BACKGROUND

Historically, hot salt stress corrosion cracking has been an unusual problem compared to other,
more classical, forms of stress corrosion cracking. Its occurrence has been widely demonstrated in
controlled laboratory tests, but no service failures have been directly related to hot salt stress corro-
sion cracking even though laboratory tests indicate that failures from this phenomenon should result
from some use conditions. Also, the basic mechanism, hydrogen embrittlement of the material in the
vicinity of salt deposits, has been well supported experimentally. Lingwall and Ripling (ref. 1) proposed
a hydrogen embrittlement mechanism and supported it by tests on the thermal and mechanical behavior
of materials and on anodic protection experiments. Ondrejcin and others (ref. 2) have presented a
comprehensive mechanistic study, again identifying a hydrogen embrittlement mechanism, supported by
several metallurgical and chemical experiments. Hydrogen concentration determinations have beer.
made by vacuum fusion analysis reported by Gray (ref. 3) and Lisagor and others (ref.. 4) showing
increases in hydrogen content near the fracture surfaces of stress rupture specimens exposed in a hot
salt environment. Gray has also recently reported (ref. 5) a new analytical technique for measuring
hydrogen content by ion-microprobe mass-spectrometric analysis. The technique involves the removal
of very small thicknesses of material by a focused beam of argon ions and analyzing the material removed
by mass-spectrometry. Hydrogen contents approaching 10,000 ppm were measured in areas adjacent
to the fracture surface of stress rupture specimens.,

In addition to the recent information fLund in the literature on hot salt stress corrosion cracking
mechanisms, data reflecting the engineer.ng performance of specific alloys with respect to this phe-
nomenon axe available (refs., 6 and 7). Although this information resulted irom studies which were
more concerned with aircraft application, the general materials behavior observed could be meaningful
for certain space shuttle operating conditions.

TEST SPECIMENS AND PROCEDURES

Materials and Specimens

The titanium alloys included in the stridv are the prime candidate alloys proposed for biacc shuttle
applicatioin Ti-6A1-4V m the annealed condition, and Ti-6A1-2Sn-4Zr-2Mo in the oaplex wan led condi-
tion The materials were procured as commercially produced to manufacturer's internal specifications
The alloys were in sheet form with a nominal gage thickness of 0.040 inch
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The specimen used for the test program was of the self-stressed type developed at the Langley
Research Center of the National Aeronautics an6 Space Administration (ref. 8). The configuration and
details of the specimen are shown in figure 1. Strips of each alloy 0.040 by 0.25 by 4.0 inches are
preformed at each end as in figure l(a) and spotwelded together as in figure 1(b). In this configuration,
the specimen has a uniform outer fiber stress in the curved section. The stress level is determined by
the radius of curvature and can be calculated by its chord height (ref. 8). Specimens of both alloys
were stressed such that the nominal outer fiber stresses at exposure temperature were 24 and 45 ksi.
Unexposed specimens in this cnnfiguration are bend tested at room temperature to determine degree of
bend ducillty (fig. l(c)). Specimens damaged by environmental exposure resulting in stress corrosion
cracking ur embrittlement show varying losses of bend ductility (fig. l(d)) compared to unexposed
specimens. This specimen cnnfigaration was selected for this test program because it has been shown
to be extremely sensitive for revealing damage caused by hot salt exposure and is easily exposed to a
wide variety of test conditions. However, the specimen is of the constai,• deflection type and care should
be taken to determine that stress relaxation has not affected observed results when exposures involve
high temperatures and stresses.

High-Temperature Exposure Procedures

Laboratory Oven Exposures.- Specimens of both alloys were salt coated in the curved test section
to a uniform salt filmm density of 10 rg/in2 by repetitively spraying them with a 3.5-percent NaCl solu-
tion and warm air drying. This salt density is slightly higher than that reported by Ashbrook for P
severe service exposure (ref. 9). Specimens stressed to both stress levels were then exposed to th,
desired time-temperature exposure conditions in laboratory ovens in which slowly moving air at ambient
pressure was circulated. Specimens of both alloys were salt coated and exposed together for each
exposure condition. Specimens were exposed at 7000, 8000, 9000, and 1000 F for a total accumulateci
exposure time of 100 hours. Some specimens were exposed continuously at temperature for 100 hours
while others were exposed for either four cycles of 25 hours or for 100 cycles of 1 hour with cooling to
ambient temperature between cy-cies. This was done in order to assess the effect of frequency of
cycling at the higl-er temperatures. Cycle length has been shown to be highly significant in similar
tests at 6000 F (ref. 4).

Wind-Tunnel Exposures.- Specimens of both alloys stressed to 24 ksi were also exposed In a small,
continuously operating, Mach 3 wind tunnel known as the Supersonic Materials Environmental Test
System (SMETS) located at the Langley Research Center. Specimens were salt coated using the same
procedure as was described for the la.horatory oven exposures and were exposed at 7000 F for 100 hours
cumulative exposure time. Static pressure on the specimen surfaces was approximately 0.06 atmosphere
for the wind-tunnel tests. Both continuous and cyrlic exposure were used as in the laboratory oven
tests. The tunnel test section, with specimens in place for exposure, is shown in figure 2. The test
section is 3 by 5 inches and holds 28 self-stressed specimens for a given exposure. Dummy specimens
are pcsitioned at the front and rear of the test section to insure smooth airflow over the actual test
specimens. At various positions along the test section, other dummy specimens are positioned to moni-
tor and control exposure temperature. Salt coated and control specimens of each alloy were exposed
together for each exposure condition.

Room-Temperature Bend Test and Analysis Procedures

.Alter complttion of each laboratory oven or wind-tunr.el exposure condition, specimens were bend
tested at room temperature to determine relative bend ductility compared to unexposed specimens. The
te-t was conducted by loading the specimens in axial compression (fig. 1(c)) until fracture occurred.
The maxlimum load and the specimen deflection to fracture were recorded.

After bend testing, specimens were examined using low magnification stereo microscopy and
scanning electron microscopy to observe the severity of cracking, and to conduct a detailed characteri-
zation of individual surface cracks and their resulting fracture surfaces.

RESULTS AND DISCUSSION

Environmental Tests

Continuous Exposure.- Exposure conditions were selected to determine if hot salt cracking would
be initialed in the regime of time, temperature, and stress which might be considered for the space
shuttle thermal protection system application. In addition, the performance of the two alloys, the effects
of cyclic versus continuous exposure, and the effects of airstream velocity on hot salt cracking were
compared.

Results of tests on both the Ti-6AI-4V and Ti-6AI-2Sn-4Zr-2Mo alloys after exposure at 7000,
8000, and 9000 F in a laboratory oven are shown in figure 3. The nominal outer fiber stress of the
specimens at temperature was 24 ksi. Plotted on the ordinate is the relative bend ductility of specimens
after exposure, shown as a percentage of the bend ductility determined for unexposed specimens. The
relative bend ductility, which is a very sensitive indicator of damage caused during the exposure, is shown
as a function of exposure temperature for a continuous 100-hour exposure. The data shown by the open
symbols are for an average of four (4) salt coated test s'pecimens; upper and lower limits are shown as
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well as the average value Each closed symbol represents a test specimen which was exposed or the
same time, temperature, and stress indicated without salt, The results indicate that the Ti-6A-4V
alloy is more resistant to hot salt cracking than the Ti-6A1-2Sn-4Zr-2Mo alloy at an exposure stress
of 24 ksi.

Post-test examination of all specimens revealed no setondary corrosion cracks (fig. 4) in the
Ti-6AI-4V alloy at this stress level, indicating that the decrease in relative bend ductility observed was
a result of low-temperature aging. The Ti-6Al-2Sn-4Zr-2Mo alloy, however did contain secondary
corrosion cracks (fig. 4)indicating that the threshold stress for this alloy is kwer than 24 ksi for a
continuou. 100-hour exposure at chese temperatures.

Data are shown on figure 5 for both alloys with a nominal outer fiber stress of 45 ksi and exposed
continuously for 100 hours at 7000, 8000, and 9000 F. The threshold stress for onset of cracking was
exceeded f'r the Ti-6AI-4V alloy at this stress level. The relative bend ductility for the Ti-6AI-4V
alloy was reduced to approximately 20 percent, compared to the 80-percent level for specimens exposed
at 24 ksi. However, Ti-6AI-2Sn-4Zr-2Mo alloy specimens at 7000 F exhibited a somewhat higher
relative bend ductility than was observed at the lower stress. This was unexpected and may possibly
be due to the inherently less ductile behavior ol this alloy and to the type of bend test utilized, It should
be notec,. however, that the test is primarily designed to indicate threshold levels for crack initiatio.n
and not to measure degree of damage once onset of cracking has occurred, The slight increase in
relative bend ductility observed for both alloys at 9000 F may be attributed to stress relaxation at this
temperature. Specimens were also exposed at 10000 F, but were not included on the figures after post-
exposture X-ray stress analysis revealed that extensive stress relaxation had occurred.

Te surface appearance after exposure and testing of both alloys stressed to 45 ksi is shown in
figure 6. The Ti-6A1-4V alloy exhibited more severe cracking at these exposure cond>!ions than did the
Ti-eAl-2-n-4Zr-2Mo alloy, but both exhibited secondary cracking which can be seen adja±cent to the
primary fracture in each case.

Analysis by Scanning Electron Microscopy.- The photomi,rrographs of figures 4 and 6 provide
reasonable observation of the secondary cracking caused by the hot salt exposure, but limitations on
conventional optical microscopy prevent a detailed analysis at high magnification of these cracks.
Specimens examined using scanning electron microscopy can be characterized in much more detail.

Scanning electron micrographs of a Ti-6A1-4V specimen, after exposure arnd bend testing, are
shown in figure 7, Small surface cracks are apparent in the area adjacent to the primary fracture
(fig. 7(a)). Cracks tend to be numerous and low magnification scans enable one to survey areas of
interest and concentrate when desirable to more detailed analysis at higher magnifications, Detailed
examination of a single surface crack (figs., 7(b)-(e)) at higher magnification shows that embrittlcment
assor iated with t!.e hot salt stress cc-rosion cracking process is highL , localized. From the surface of
the ;pecimen to a depth of approximately 20u, the fracture surface exhibits a brittle appearance that is
prinarily intergranular (fig.. 7(e)), However, the fracture morphology changes to a ductile, dimple, type
rupture beyond the locally embrittled depth (fig. 7(d)).

With the aid of the scanning electron microscope, analysis can be male from the lowest magnifica-
tion, where several surface cracks are visible, to a detailed characterization of the fracture morphology
of a single preselected surface crack.

Cyclic Exposure.- The results of th, continuous exposure tests inc.cate that hot salt stress corro-
sion cracking does occur in time, temperature,. and stress conditions encompassing values which may
be t.ncountered in shuttle operating corditions. However, the results were obtained in continuous
100-hour tests and effects of cycling anid air velocity were not included. The results of tests on both
alloys in which the cycle duration and number were varied to accumulate a total exposure time of
100 hours are shown in figure 8. Exposure temperature for these tests was 7000 F, and results of tests
ol, both 24 and 45 ksi stressed specimens are shown.. The results suggest that cycle duration and fre-
quency have a significant effect on the extent of hot salt stress corrosion cracking of both alloys with
Ahorter cycle duration and higher frequency resulting in much less damage. This effect of cy2l3 dura-
,ion and frequency suggests the need for clearly defining the thermal and load histories which a;e
expected in areas where titanit m alloys will be utilized so that accurate assessments of the significance
of tne hot salt problem may be made. Again, the lower stressed specimens of the Ti-6A1-2Sn-4Zr-2Mo
alloy showed greater loss in bend ductility contrary to what might be expected.

Effect of Air Velocity - A comparison of the c,-ackmng behavior of specimens exposed in labora-
tory air ovens and of those exposed in the small wind tunnel are shown in figure 9. Tests on the
Ti-6A1-2Sn-4Zr-2Mc alloy exposed at 700o F and 24 ksi nominal outer fiber stress are shown. Relative
bend ductility is shown as a function of cv ie duration and frequency to a cumulative 100-hcur exposure
The results indicate that very little damage was observed on specimens exposed in the wind tunnel for
eitlei continuous or cyclic exposures This may be attributed to either the removal of salt from the
sp ,cimen surfaces which was observed to occur,. or to variations in the chemnical processcs which must
occur for cracking to take place. The principal chemical reactions, the pyrohydrolysis of the ,alt to
h drogen halide and rcaction o the hxdrogen hallde with the surface oxide (ref 2), may be'pressur'e,

F ,1°
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dependent. Laboratory oven exposures were made at atmospheric pressure while wind-tunnel exposures
resulted in a static pressure of 0.06 atmosphere on the specimens. Th2 combined effects of short-
cycle duration and high-velocity airflow result in little or no direct damage caused by hot salt.

CONCLUDING REMARKS

The following concluding remarks are made based on the results of the study described herein:
1. Hot salt stress corrosion crack initiation does occur in the time-temperature-stress regime of
c'_nditions considered desirable for optimum space shuttle operation, based on continuous 100-hour
tests of salt coated titanium alloy specimens. However, cyclic exposures, particularly of short duration,
and exposures in Mach 3 airflow both tend to decrease the amount of damage observed to the point where
little or no direct damage was observed on specimens exposed for 100 hours in 1-hour cycles. The
need for clearly defined operating conditions of surface temperature and load, accurately determined
as functions of time is obvious, and additional multiparameter tests appear in order to determine if hot
salt stress corrosion cracking must be considered in the design of hardware. 2., The Ti-6AI-4V alloy
exhibited a higher threshold stress than the Ti-6A1-2Sn-4Zr-2Mo alloy at the temperatures investigated.,
At higher stress levels, the Ti-6A1-4V alloy appeared to show more sensitivity to cracking and somewhat
more degradation. The Ti-6A1-2Sn-4Zr-2Mo alloy did not exhibit seccndary cracking as severe as the
Ti-6Al-4V alloy at stress levels exceeding the threshold value for both alloys, 3, The mechanism for
hot salt stress corrosion cracking appears to be more clearly defined than other stress corrosion
phenomena. This mechanism has been supported with the aid of recently developed research tools such
as the ion microprobe mass analyzer 2:nd scanning electron microscope.
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ductility with and without stress corrosion damage.
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Figure 4.- Surface appearance near vicinity of primary fracture of
salt coated titanium alloys exposed continuously for 100 hours at
a stress of 24 ksi. (5X magnification.)
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Figure 5.- Effect of temperature and hot salt on bend ductility of
titanium alloys exposed contizuously for 100 hours at a stress
of 45 ksi. (Closed symbols are control specimens.)
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(a) low magni'ication (b) enlarged view of
surface appearance single surface crack
showing cracks near near primary fracture
primary fracture

Figure 7.- Scanning, electron microscope images of a Ti-6A1-4V salt
coated self-stressed specimen after cxqposure ant bend testing..
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(d) ductile froc;ure area
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(c) iracture appearance
within surface crack

(e) brittle fracture area
near surface of specimen

Figure '7.- Concluded.,
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Figure 8.- Effect of stress level and cyclic exposure on relative
bend ductility of titanium alloys, (Specimens exposed at
7000 F for a total time of 100 hours.)
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THE USE OF SLOW STRAIN-RATE EXPERDENTS IN
EVALUATING RESISTANCE TO ENVIRONMENTAL CRACKING

by

James E. Reinoehl

Walter K. Boyd

SUMMARY

This paper describes an experimental procedure to evaluate resistance to scress-corrosion
cracking. Relative degrees of susceptibility to environmental cracking and embrictlement can be deter-
mined as a function of mechanical ductility parameters (e.g., reduction in area, elongation, etc) or as
a function of electrochemical polarization parameters (e.g., electrode potential, tH, solation composition,
etc) by pulling cylindrical tensile specimens at a suitable sloe strain rate while they are subjected
to controlled electrochemical and environmental conditions (e.g., electrode potential, solution compo-
sition, temperature, etc).

INTRODUCTION

Most corrosion experiments are time consuming since they involve exposing specimens to a
corrosive environment until some deterioration occurs. Similarly, most environmental cracking tests
involve exposing stressed specimens of simple or compley configurations to an aggressive environment
which, by prior experience, has been shown to promote cracking of th- alloy. When a specimen cracks ii
less time than the duration of the experiment, the relative susceptibility of that alloy to environmental
cracking can be expressed quantitatively by the time to failure. Unfortunately, however, some specimens
will not be subject to environmental cracking for very lorg periods of time; if these resist cracking
for the duration of the experiment, the zlloy is commonly considered to be "immune" to cracking. To be
sure of true immunity, however, one would have to expose the specimen for infinite time. Obviously, this
is impractical in engineering applications, so that a number of subjective judgmentn must be made in
evaluating time-exposure data.

One method which is commonly used to speed up the 6eneration of cime-exposure data is to in-
crease the severity of the test by such means as (1) increasing the relative aggressiveness of the en-
vironment by altering its composition, temperature, pressure, etL.., or (2) increasing the relative sus-
ceptibility of the alloy by means of a suitable heat treatment, or the introduction of a notch or peocri:k.
Many of these experimental conditions are difficult to reproduce in revetitive exposures or even to retaiLt
during a lengthy expoqure. Thus the data that result from exposure tests are subject to considerable
scatter.

Many of the objections can be circurvented by selecting the environmental and stressing vari-
ables such that all specimens will fail within a deZinite period of time. For example, if tensile
specimens are pulled at a slow strain rate of about l%/n- while subjected to cracking or noicracking
environments, fracture will occur within a day whether it be by a ductile mechanical mide or by a brittle
environmental cracking mode. By carefully controlling the str,,n rate and electrochemical conditions,
then a wide range of different mechanical and corrosion behaviors can be induced. Thus, ductility para-
meters such as percent reduction in area or percent elongation may provide quantitative information
about the relative degrees of susceptibility of different materials to environmental cracking in a
specific envi-)nmenr or the relative degree of aggressiveness of different environments in promoting
cracking of a specific material. Complementary microscopic examinations of the fractured srecimens
provide additional information regarding the mechanisms which were involved in the fracture process.
However, regardless of possible controversies over describing the mechanism involveu, the numerical
data obtai.ned provide objective engineering information as to the mechanical properties of ria-erials
under carefully controlied environmental conditions., This paper describes the apparatus used for slow
strain-rate tests of environmental cracking and d•cl usses thL influence of a number of electrochemical
and mechanical parameters in proiroting environimuitdl cracking and embrittlement.,
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THE SLOW STRAIN-RATE TECBNZILUE

Appa ra tun,

The apparatus used in the environnental cracking test at slow strain rates are similar to those
.Aescribed by Parkins and covorkers.(l) The prir '-pal. components are pictured in Figure 1. The actual
test cell .-, seen in the middle of the photograph., A length of glass (or ¶TFE) ibing between twc
rubber stoppers s~.nfines approximately 50 mli of solution around a cylindrical tensile specimen irz~hined
from the alloy to be examined. The remaincter of the o'pparatus servms to control the mechanical and
electrochemical conditions of the test.

--A

,0a

FIGURE 1. APPARATUS FOR CONDUCTING ENVIRONMENTAL CRACKING TESTS AT SLOW STRAIN RATES AND tPPLIED P07%NTIALS

A 1/4-hp motor is connected to a series of gears so as to move the crosshead at a fixed rate.
Since one end of the cylindrical tensile test specimen is affixed to the moving crosanead and the )ther
end is affixed to a stationary load cell, thL spec imei, is slowly extended at a rate which is determined
by the comibination of gears splected. The apparatus pi tured is consLructed to achieve strain ral-es in
the range betweewt ahout R*4 and O.4'A/hr during plastic dei~.rmation of the gage length of the tensile
specimen. Tnese strain rates conveniently induce varying degree,, off SCC in mild steels in test t ime,,
ranging fr')m several hours (for tvie fastest strain rate) to several da~s (for the slowest). While the
slowest strain rate pro noteL the greatest degreo of 5CC, an intermediate stiain rate of about '/,/hr
has been found to be tlie mcet c(, ivenient to use for screening teats on mild steels in caustic and ca:-,
boaate-bicarbecnate environment. since it give, one result per ma chine per diy. There strain rates are
slower than thc slowest Atrain rate of comssun cor.~ 'rcial tensile testing machines. The faster strain
rates wtiic i ate attained c-c comiiierci.,l testing makih nes are oeijeved to 4-e suitable only for Lralueting
alloy-,nvironcifint corcosnations whim-I 11-0 very sLpil to eivrimn~lccacking phenomena. For

example, some j-ron-ni"Kel all,)- will develop st escorros ionc cir in -2% MgCl. solutions when test~ .
at strair, Cate,, asb fost a /jjjuc(2
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While a slow strain rate may induce environmental cracking and embrittlement under conditions
which vould be unexpected on the basis of experience with test" conducted under static loads, ductile
fracture still will occur in most anvironments unless the electrochemistry of the system is diligently
controlled. The potentiostat shown in Figure I is used to control the potential of the specimen at a
value, with respect to a saturated calomel reference electrode, which is selected on the basis of relevant
features of potential/current curves. For example, selective corrosion attqck and environmental cracking
are expected tc be most severe at imposed potentials corresponding to regions of negative slope in the
potenti l!/current- curve. Also, a breakdown potential similar to that used to describe the onset of
pitting may chiracterize environmertal cracking conditions.(3) Acco-dingly, a few specific ranges of
potentials can be selected which will optimize the chances of occurrence of environmental cracking
phenomena and relative amounts of 1.s of d.,tilily can be determined as a function of potential in
each range. It is noted that a plot of relative loss of ductility as a function of potential will fre-
quently give a bell-shaped curve chat is not unlike a probability distribution. Degrees of severity of
cracking can thus be shown for specific combinations of mechanical and electrochemical conditions.

A cracking tendency may also be enhanced by conducting the slow strain-rate test at an elevated
temperature. A pronounced cracking tendency may be observed at near boiling when ilentical mechanical
and electrochemical conditions give little if any loss of ductility at room temperature. The effect of
temperature on the propensity of mild steel to develop stress-corrosion cracks in an amaonium-nitrate
solution is shown in Figure 2. The degree of severity of cracking increases steadily with temperature

80 I
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FIGURE 2. EFFECT OF TEMPERATURE ON THE LOSS OF DUCTILITY OF P CARBON-MANGANESE STEEL IN 20% NH NO
SOLUTION Al A Sl-tAIN RArE OF 0.36%/HR 4

untl. ductile mechanic.l behavior is virtually lost at temperatures abovc 70'C. While these data indi-
zate that cracking will not o,cur at ambient temperature for thesý experimental conditions, they al'o
give i' indication of a unique threshold temperatire below which strerq-corrosion cracking will not
,'cur. Accordingly, a slower strain iate combi-ted with a carefully sr',ected controlled potential
might be expected to indu'ie a cracking tendency even at temperature below ambient. Also, careful
selection of the mechanical, electrochcmical, and thormal condicions of a slow strain-"ate test might
induce losses of i- _',Ity in some seemingly innocuous ervironments.
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INTERPRETATION OF RESULTS

Relative susceptibilities to environmental cracking may be classified by comparing times to
fracture or ductility parameters (e.g., reduction in are3 or elongation, as determined from the
fractured specimen) with similar parameters determined for a purely ductile fracture. Relative cracking
tendencies thus may bu expressed as a percent loss of ducLility.(4) Cracking is confirmed by visual and
metallographic examinationt. The latter has the aoded benefit of showlg a wide variety of "pit" con-
figurations associated with nucleation sites for stress-corrosion cracks.

Additional information can be gained by recording the load, measured by the load cell (Figure
1), on a strip-chart recorder. Mechanical properties such as yield stresses, ultimate tensilt stresses,
and fracture stresses may thus be compared for varying degrees of susceptibility to environmental
cracking. Different types of environmental cracking and embrittlement give markedly different load-
time curves much the same as ductile and brittle materials have characteristically different behaviors.
The plastic deformation and fracture behavior of a material under the influence of a controlled liqiid
environment may thus be studied. It is also informative to note natural corrosion potentials of the
alloy in the environment before and after the test. These may rexlect the presence or absence of a
psisive film on the alloy. When potentiostatic control is maintained on the specimen, current transients
may be recorded as an indication of the electrochemical kinetic processes whbi.h occur as th. specimen
is being plastically strained.

Thus, both mechanical and electrochemical parameters may be recorded simultaneously io the
slow strain-rate test for environmental -racking. These may be interpreted in terms of fracture mechanics
concepts or in terms of preferential corrosion behaviot. Since both mechanical and elect.ochemical
phenomena interact in environmental cracking, propec interpretation of these data may teveal the mechanical
and the electrochemical contributions to the process of environmental crackiog.

CONCLUSIONS

Relative degrees .f susceptibility to environmental cracking and embrittlemert can be determined
as a function of mechanical ductility parameters (e.g., reduction ir area, elongation, etc) or as a
function of electrochemical polarizaLion pcrameters (e.g., electrode potential, pH, solution composition,
etc) by pulling cylindrical tensile specimens at a suitable slow strain rate while they are subjected
to controlled electrochemical and ei'ironmental condicions ( .g., electrode potential, solution compo-
sition, temperature, etc). A definite result is obtained UiLhin hours or days by this t.ethod whether the
combination of alloy and environment is highly susceptible or highly resistant to environmental cracking.
By careful selection and control of electrochemical, metallurgical, and mechanical variables so as to
oromote optimum conditions for environmental cracking, an objective evaluation of the relative suscepti-
bilities of different alloy compositions and structures may be made. Also, an improved understanding of
environmental cracking phenomena results from the determination of the optimum electrochemical, metal-
lurgical, and mechanical conditions for their promotion.
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INTRODUCTION

Stress corrosion testing is generally per"Drmed for one or more of the Tollowing reasons: (1)
to compare the susceptibility of various materials .nd fabrication methods, (2) to evaluate methods for
protection or alleviation, and (3) to identify proper design practices. These tents fall into two major
categories, conventional and fracture mechanics. Conventional tests use uncracked specimens to determine
time-to-failure versus applied stress, threshold stress values, and crack growth rates. Specimens used in
conventional testing include smooth tensile, bent beam, U-bend and C-ring. These are exposed to test
environments by continuaas immersion, alternate immersion, salt spray, sea coas' or industrial atmosphere
exposure. On the other hand. fracture mechanics tests make use of precracked specimens to determine time-
to-failure versus stress intensity (Kii), threshold stress intensity (Kiscc), and cracking rate (de/dt).
In addition to the notched and precracked types mentioned above, other specimens used for these tests
include compact tension, wedge-opening-loading, double-cantilever-beam and tapered-cantilever-beam.
Exposure techniques are essentially the same, with the exception that environmental contact may be limited
to only the crack region utilizing masking techniques. In these tests, standardized methods are used
where appropriate for efficient production cf reliable low cost data.

In addition to the aforementioned, a separate type of research activity is performed to examine
the fundamental mechanisms that produce stress corrosion susceptibility in a particular material/environ-
ment combination. The objective of these tests is the development of safficient information to indicate
methods of alleviation, such as (1) modifying the structure of the P.6terial, (2) altering the service
media, and (3) changing the nature of the boundaries separating eaivironment and material. This paper will
discuss sace of the specialized experimental techniques used at Lockheed-California Company to examine
various arpects of the stress corrosion phenomenon in aircraft structural alloys.

CRACK MORPHOLOGY STUDIES

Microscopic cracki.g patterns can be traced through the thickness of a specimen by removing
successive layers of material to reveal interior planes and discern the three-dimensional morphology of a
crack. This can be used to determine cracking paths, crack branching, stress state and zones of plastic
deformation.

In one set of exp riments(l) specimens of 7075-T6 aluminum alloy were loaded to fracture in the
presence of 3.5 percent NaCl solution, using the three-point bending configuration shown in Figure 1.
Microscopic examination of specimen surfaces revealed intergranular cracking parallel to the principal
tensile stress and hinges of plastic deformation iadicative of plane stress conditions, as shown in
Figure 2. Controlled amounts of material were removed from the specimens by lapping. The interior
planes thus revealed were polished and photographed at 23X. A representative photomicrograph of an
interior plane is shown in Figure 3. This photograph shows the cracking parallel to the principal tensile
stress as previously noted in Figure 2. In addition, a tranagranular crack perpendicular to the principal
stressec and emanating from the precrack at the notch may be seen. The technique of removing successive
layers of material was repeated until the center of the specimen was reachedk2 )., The cracking pattern at
various d,.-ths was traced on clear plastic sheets which were assembled to form the three-dimensional model
shown in Figure 4.

FATIGUE STARTF.R CRACK 2P 3/8

Figure 1. Spec'nen geometry and lo:,ii:rg ar:anlemen.t for tiree-point
.,end stress .•,rrosion test.
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Figure 2. Surface of 7075-T6 specimen. Figure 3. Cracking pattern on a plane 0.05-,
Cracking parallel to principal inch from the surface of a 7075-T(
tensile stress and plastic specimen. Intergranular crackir,
deformation hinges indicative separated from transgranular
of plane stress, cracking by 0.013 inch.

Figure 4. Three-dimensional model of stress cc.roaion
cracking in 7075-T6 bend specimen,

Time lopse photograpiic tec, .iques hrve -een employed to follow the progression of stress
corrosion cracking. One face of a precracked specimen was lightly polished, the specimen was immersed in
a C07rosive solution, and the desired stress applied. Special 16mm motion picture eq'Apment was used to
record one frame every 90 seconds, or 40 frames each hour. Figure 5 shows represeitative frames frcg; two
of the motion pictures, showing crack growth in 11.. NaC1 and CC14 to occur at nearly A.entical rates(3).

Transmission and scanning electron microscopy have also been used to examine fracture surfaces
and reveal microstructar~l features associateO with susceptible alloys. One example of the use of SEM is
presented in Figures 6 and 7, wi.ich snow tne fracture surfaces of wedge-opening-loading specimens of
7075-T6 olloy exposed to 3.5 perceut NeCl solution. Special note should be made of the elliptical regions
of lrýalized stress corrosion separated from the main crack fLont and surrounded by regions of ductile
tear. One mechanism advinced to explain thic structure requires the diffusion of a contaminating species
through the plastic zone tbead o ntoe main crack, producing localized regions of stress corrosion cracking
surrounded by u 'racked mnteri~a±l).
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IM NaCI CCI4I!

Figure 5. Str•ess corrosion cracking of Ti-8AI-3.Mo-IV in
IM_ NaCl solution and anhydrous CCI4.
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tear •n -0 •ý-T6 specimen exposed to 3.51 NaC1
At K, - 1 .7 ksi 'rn. Magnification - 1OOX
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CONTAMINANT IDENTIFICATION

The mechanical properties of metals are greatly influenced by the distribution of alloying
elements, impurities and contaminants In their l.lcrostructure. Autorediography can be used to determine
the microsegregation of any element that has a radioactive tsotope(4,5). Such data are useful in stress
corrosion work to identify contaminating elements, determine diffusion rates and isolate accumulation
sites.

Radioactive elements are introduced into the corrosive media being studied, e~g. tritium oxide
in water or chlorine-36 in NaCl solution. Ebcposure of stress )d specixmens to the corrosive media permits
transfer of the tagged contaminant. SutLequent to the test the surface of the specimen which retains the
radioactive element is placed in inti&al. contact with an emulsion layer suitable for detecting beta or
gamma radiation. After exposure, the s:lidifieu film is peeled from the metal surface, developed by
photographic techniques, and examined. Observations of darkenfd areas in th.' emulsion are correlated
with the microstructure of the test specimen to determine the location of the radioactive material. An
example presented in Figure 8 ?ýws reteation of chlorine-36 in the stress corroded region of a
Ti-8A1-lMo-lV fracture surface 0). The leveloped film can be analyzed using e,-isting techniques(7) to

determine the concentration of the radioactive contaminant in the metal surface. Use of the dilution
factor for the isotope !n ýhe carrier media allows calculation of the actual contaminant concentrt.tion.
Mechanical secti, ning of the test specimim to reveal interior planes allows observation of the distribution
of the contaminant ix the third dimension and determination of diffujion rates through the material. An
example of the distribution of chlorine-36 on an interior plane of a 7075-T6 aluminum alloy specimen is
shown in Figure 9.

Identification of corrosion products can be accomplished by analysis of the corroient fluid.
For example, consider a seriLs oi tests performed with Ti-8A1-) o-lV specimens exposed to 1Y, NCi or CC14
and loaded in three-point bending to 80 lergent of the air failure value. Portions of the corrodents
were extracted from the vicinity of the crack during testing and analyzed spectrophotometrically. Figure
10 shows the resultant ultra violet aLasorption spectra. It has been suggested that the absorption peaks
in both liquid media were Jue to the tittnr4l type structure (Ti = 0). These results were used ir
conj•nction with other data( 6 ) to develop j series of chemical reactions to describe Ti-8Al-lMo-2V stress
corrosion. These reactions ure as follows,

-Cl TiC! + x a Progressive

-.x) - Anodic
TiCl j T.... x)2 C+eeTi '2'-: •x I 2H' + I•-x), e" •Reu:tion

r" +-- -0( i +2 2F + Fins

hr dAnodic

where x does -,at exceej 'Rat1o
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Figure 10. O•t•cal absorbance spectra of Ti-8Al-!Mo-lV corrosion product.

ELECTROCEMIUSTRY

qrack-tip corrosion cell activity can be delineated by use of pH and oxidation/reduction
indicators(6). The pH indicators function by using color changes to detect pH shifts 6ssociated with
electrochemical processes active in the vicinity of the crack. For the Ti-8A1-lMo-lV alloy under
discussion, passive regions external to the crack tend to become cathodic, with an attendant increase in
alkalinity due to the formation of hydroxyl ions. On the other )and, anodic regions within the crack
tend to become acidic due to the production of hydrogen ions. The pH sensitive dyes can be used very
effectively to identify these anodic and cathodic regions. Similarly, certain oxidation reduction
indicators will respond in regions where these electrochemical processes are occurrirg.

Solutions of IM NaCl solution containing either phenulphthalein pH indicator or a starch-
potassium iodide oxidation indicator were added to the notch region of precracked specimens of
Ti-8A.-lMo-lV. These specimens were loaded to 80 percent of the air failure value in tCree-point bending.
Sketý,,es of the appearance of the notch region during exposure are shown in Figure ll. As the crack
progressed in solutions containing phenolphtbaleln, rad coloration was produced along the sloping sides
of the notch, indicating hydroxyl ion formation, while the so31ition at the apex )f the notch immediately
adjacent to the notc:, remained colorless. On the other hand, szlations containing the starch-iodide
indicator yielded a characteristic blue color In the anodiQ crack region.

This experiment and others described earlier indicote that tie crrosion cell voltage tends to
move positive ions, such as tita&yl out of the crack and drbive negativ-" ions, such as chloride, Into the
crack. Thus, chloride ion is indicated as the damaging spadces for Ti-Al-l.Mo-lV(1,3,6). The oboervatior,
of corrosion cell activity at the crack tip led to the conclusion that protectJon might well be attained
by interfering with the electrochemical reactions involved.
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Figure 11. Diagro of appearance of notch in TI-8A1--lo-lV after exposure
to I( XaCi corrod ent containing indicators.

Electrode potential measurements hare provided one of the most effectiie methods for evaluating
the -eal aspects of stress corrosion susceptible alloys. Potentlil measurements long ago
grovided evidence that Vth ferric (ye+3) and cric (CuW) ins actively absorb on titanium surfaces
from aqmeouz solutions(8). Hence, clectrod& potential wai uements were used to determine the passivating
ability of a mnmber of inhibitors. The basic equipimet uced in these Investigations consisted of an
eleewtreter connected in a circuit basween a saturated calonel reference electrode and the test sample,
both of esih were in contact with the aqueous media. An experimental apparatus used for potential
mauxts on vie samples is shom in Figure 22. 7he flask which contained the aqueous solution was

modified so that the wire coald be passed through the flask wan and stressed by dead weight loading. It
e-s soo discovered that there =a no particular advantage in working with stressed samples, and the bulk
of the ezerimentation was acc d using alloys in the unstressed condition. Results of these
screening studies revealed that iridiu (fr+), gold (Au' 3 ), ferric (Fe73 ), and cuzpric (Cua2) were among
the Ionic species that produced the greatest degree of passivatien for the Ti-8A-LMo-IV alloy in 1M
lad solations. Electrode potential shifts as great as 1.2 volts in the noble direction were produced by
certain of these materials when present at concentrations of approximately 0.001 soles per liter.

These same ionic passivators were subjected to further evaluation in mechanieal tests to
determine their effectiveness in preventing stress corrosion cracking. Duplex annealed Ti-8A1-lMo-lV
notched and precracked three-point bend specimens were loaded to 80 percent of the air failure value and
Imersed in a IX lea solution to which a trace of the passivator had been added. All of the ionic
passivators mentioned previously substantially increased the time to failure in this alloy. It Was
discovered that inhibitor 3oncentrations as low as 0.005 percent by weight were effective. Comparison of
the electrochamical and mechanical test results demonstrated that a direct correlation existed between
the ability of an ionic passivator to inhibit stress corrosion cracking and the electrode potential
change which resulted when that pessivator was brought in contact with the alloy. Passivators which
displayed more than approximately 0.5 volt change during the screening tests were found to effectively
inhibit cracking; those which produced less than 0.5 volt change were ineffectiv,.
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Figure 12. Equipment for electrode potentia± measurements.

It was pcstu:lated that retardation of crack g.owth in titanium by these inhibitors resulted
from the fact that both the anode and cathode regions of the electrochemical cell within the crack
became passivated to similar noble potentials by absorbed ionic material. This served to substantially
drop toe tctal voltage difference of the cell which in turn reduced the tendency of the corrosive
negative ions (e.g. Cl-) to be attracted to the anodic crack tip region where metal dissolution normally
occurs. Thu6, these inhibitors apparently functioned by destroying the normal electrochemical ion
transport mechanisms that are required for sustaining stress corrosion crack growxh in this alloy. It
is possible that inhibitors of this type could be employed in sealants to help prevent or arrest crack
growth.

CONCLUSION

The divers- ass-mbly of investiative techniques described in this paper point up the need for
interdisciplinary efforts in stress corrosion research. Tecbhniques and procedures from malv fiede,
including mechanic3•, metallurgy, chemistry ana physics must be utilized if rhe desired level of

understanding is to b-. attained.
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ABSTRACT

The almost instantaneous failure of some welded joints of certain
Ti, Al, Sn -ktype alloys when in contact with carbon tetrachloride vapour, was studiec
and related to the slight surface contamination developed during argon-arc welding. Ana-
lysis of the contaminated layers with the Castaing-Slodzian ion probe showed that a subs-
tantial amount of oxygen penetration had occurred during the welding operation . Testing
showed that the susceptibility to stress corrosion was related to the extent of this pe-
netration and micro-cracks were observed to forni on the welded surfaces after loading but
before contact with the corrosion medium. As oxygen in solid solution in titanium reduces
its ductility these mechanical cracks will propagate under the action of a constant load,
deeper into the moje contaminated qamples. If the Kl at the c-ack tip exeeds the KISCC
at the moment of contact with the corrosion medium the cracking will proceed by stress
corrosion and -.ill lead, under higher stresses, to the almost instant failures observed.

RESUME

La rupture quasi-instantan~e de joints soud6s d'alliagea de titane de
t-pe c lorscrue mis en contact avec le. vapeurs de trichl.or~thyl~ne, a 6t6 6tud!6e et
relihe A la contamination superficielle lors des operations de soudage A 'arc sous
atmosphLr.- d' argon.

Les arialyses des couches contamindes au moyen d'un analyseur ionique
de Castaing-Slodzien, ont montr6 qu'une p~n~tration relativement importante d'oxyc ne
avait lieu lots de ce soudage. Nos essaia ont montrd que la susceptibilit6 ý la C.S.T.
6tait en relation avec la profondeur de cette contamination. La formation de microfissures
a pu 4tre observ~e sur les surfaces souaxes lorsqu'elles sont mises sous contraintes avanit
le contact avec le milieu de C.S.T. Loxygine en solution solide dans le titane r~duisant
fortement qa ductilit6, ces criaues m~caniques peuvent se propager profond~ment dans les
-chantillons les plus contamin6s. Lors de la mise en contact avec le milieu, si le K1
existant alors er tOte de ceq fissures d~passe le KISCC, la fissuration intervient par C.S.T
et sous fortes charges des ruptures presque instantan~es peuvent surveni"

I'
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FRACTURE INITIATION ANTI STRESS CORROSION CRACKING
OF WELDED JOINTS OF o( TYPE TITANIUM ALLOYS.

by

C.Chsain and P.R.Krahe

1. hITRODUCTION

The stress corrosion cracking (SCC) of welded joints of some o. tita-
nium alloys when in contact with chlorinated hydrocarbons has been knovin for a long time
(3). In particular, vei£y rapid failure was reported by Brown (2) and Vialatte (3), who
studied tha SCC of the alloy TA5E in carbon tetrachloride. To explain this behaviour, Brown
suggested that stress corrosion wa3 initiated at pre-existing micro-cracks foLmed by the
mechanical failure of the oxideq present at the weldment's surface. Two experimental obser-
vations made by Vialatte gave further weight to this hypothesis : the first concerned the
micro-cracks found on the weld -• surface before contact with the SC medium and afte: loa-
ding and the second the suppression of the phenomenon once matter was zemoveý frcai the
weldment's surface.

However, since no control was exerted on the amount of matter removed
froa- the weld's surface, the auestion as to whether the removal of just the oxide film
would inhibit SCC remained unanswered, and so these observations did not prove Brown's
hypothesis. Indeed our results show that the removal ot only the oxide film will not elimi-
natc SCC.

2. RESULTS

The susceptibility of alloys TA5E an•d TAE Zr 5 to SCC i, carbon tetra-
chloride vapour war evaluated by the three poiiat conqtant load flexion testing of 5 mm wide
specimens, cut out of a 2,5 mm thick and 110 mm wide plate having a welding seam in the
middle. The results are given in fig.l .s curves of fdilure time against loading stress.
For stresses near the elastic limit ( 80 - 90 hbars ) the /ailure times are very short, va-
rying from 1 to 10 mi utes.,

Experiments showed that the samples would become insensitive to SCC if
atleast 5),L were removed from the welded surface by any of the fjllowing ways , mechanical
and electro-pol3shing, grinding or chemical cleaning. However if after this treatment the
samples were re-contaminated by a brief heat.Lng undtr a torch flame ( -' 700,C), they again
became sensitive and would fall at the times and stresses given by fiq.l.

'0t

Go-

Fiq.l . Stress versus failure tintm for three
po'nt flexion of welded specimens.
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The ion probe results are sunmarized in figs. 2 and 3 for the follo-
wing four different surface treatments and stresq corrosion susceptibilities.

1) Not 4elded : Not susceptible
2) Welded : Susceptible
3) Welded and chemically cleaned ; Not susceptible
4) As 3 plus flame contamination : Susceptible

=I'M

-m

Fig. 2 - Oxygen penetration curves for the following
surface conditiona : 1) not welded, 2) welded
3) welded and chemically cleaned, 4) welded
chemically cle.aned and flame recontaminated.

These curves are plots of the analysed secondary O0 ion current
against the probing tine. Since the bombardment erodos the metal at a rate nearly equal
to 100 A/sec, they repzesent the oxygen distribution from the surface down into the metal.

The high initial concentration observed in the immediate vicinity of the surfaces is due
to absorbed 02 and to thin surface oxides. When the contamination becomes .nore severe -
treatment 4 - the surface oxide becomes thicker as can be seen by the plateau observed on
the corresponding curve, fig. 3. It is interesting fo note that even for this heavily con-
taminated state, the oxide thickness did iot exeed 0.2)1- while it was necessary to remove
around 5)J of material from the weld's surface in order to eliminate stresR corrosion sus-
ceptibility, this latter figure being near the depth were the oxygen concentration falls
down, to the matrix evel, fig. 2.

rurtent

.10*A

400 4

3

10 20 30 p wob mo ti.s &.C

Fig. 3 - Oxygen rich portion of fig, 2Icý_ves 3 and 4
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The oxygen penetration in the metal is clearly different according to
the surface treatment given to the sample, beinm more extensive in the heavily contamina-
ted samples which are also the more susceptible to stress corrosion. It is therefore appa-
rent that the extent of the concentration gradient below the weld's surface is the deter-
mining factor on the initiation of SCC of these alloys in carbon tetrachloride vapour.

That the presence of a thin surface oxide plays a small role on idi:,
process is shown in fig. 4, which corresponds to the oxygen penetration in a sample che-
mically cleaned and re-oxidised anodically. Although the presence of the oxide is clearly
seen by the plateau this sample is not susceptible to SCC, as oie would expect from the
shallow penetration curve observed,

o' ion
Current

I
60 120 probing time sec

Fig, 4 - Oxygen penetration curve for the following condition
welded, chemically cleaned and oxidised anodically
.n a H2 So4 solution.,

3. A MODEL FOR THE OBSERVED IfTRESS CORROSION INITIATION

It is well established that certain elements like oxygen when in
solid solution in titanium greatly diminish its plasticity by impairing its usual modes
of deformation, i.e. slip and twinning (4) (5). We can therefore associate a ductility
gradient with each oxygen concentration gradient observed.,

Before immersion in the stress corrosion medium but after loading
the sample, micro-cracks can be initiated on the sample's surface and can propagate into
the diffusion zones i some of these micro-crackq are seen on fig. 5. At constant load
their propagation and therefore their final length will depend essentially on the ductili-
ty at the crack tip. The longer mechanical micro-cracks are to be found in the more exten-
sively contaminated samples.

FIg. 5 - Mechanical failure of the welded ;urfaces before
imm• -)n in carbon tetrachloride, X 500o.,
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For the particular test enployed in the present study, the stress
intensity ractor, Ki, at the crack tic will b(- highect for the longer cracks. If K1
exeed. the lowest stress intensity factor needed for the development of stresq corrosion
in the environment under consideration (KIscc), the crack will begin to arow as soon as
the sample comes in contact with the stress corrosion medium. If K1 is lower than, KlSCC,
the crack will not propagate. In this way we can account for the almost instant cracking
of the weldments and for the relation between stres- corrosion susceptibility and extent
of contamination
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PRELIMINARY REPORT ON THE RESEARCH ON THE INFLUENCE

OF THERMOMECHANICAL TREATMENTS ON STRESS CORROSION

CRACKING BEHAVIOUR OF AISI 4340 STEEL

R. De Santis - L. Matteolh - T. Songa

This contribution refers some data on a research, sponsored by the Italian Air Force,, on the
influence of thermrnomechanical treatments on the stress corrosion cracking of AISI 4340 steel.

T..; -_.t.tCZt in this research has b3een aroused by the anomalous behaviour of carbon and alloy

heat-treatable stiels rDon cold deformation after low temperature tempering The phenomenon was
firstly observed in 1953 by Matteoli and Andreini (4).

It has been proved that these steels, heat treated to a tensile stiength superior to 150 kg/mm 2 ,,
undergo a reduction in hardness, when submitted to a subsequent cold deformation

It has also been proved that the hardness characteristics can be partially or completely reco, 'red
with a second temrering treatment, after the deformation,: performed at the same temperature of the
first tempering,

The research in progress is intended to establish whether the above-mentioned thermomechanical
treatments could influence the stress corrosion cracking behaviour of the 4340 AISI steel.

For the research two grades of 4340 AISI steel have been selected., air melted and electroslag
remelted.

Fig. 1 and 2 show the experimental results obtained by testing the hardness of two specimens
of both steel grades subjected to the thermomecbar,,cal treatments,, illustrated in the same figures.

The hardness recovery of the steels tempered at 200'C,, is very small,, if not absent,, and some-
tinies it takes place after very long tempering time. This phenomenon is very marked,, on the contrarf,.
for the 300'C tempered steels. In this case long tempering time causes a second decrease of the
hardness in a way,: which is typical for ageing phenomena.

No clear relation seems to exist between the metallurgical grade of the material and the behaviour
upon deformation and second tempering. Moreover there are significant differ •nces in the results obtai-
ned on different specimens of the same material.

These interesting aspects of the problem are still under examination.

No comple, explanation exist about the decrease in hardniess upon deformation. Among the possible
hypotheses the most plausible one seems to be the intervention of an effect of the extra strain eneigy
(supplied by the deformation) in restoring the 'attice of the metal

Stress corrosion cracking tests are now in progress on specimens from both steels in the quenched
and tempered conditions, both at 200 C and at 300°C, in the cold defoi med conditions after tempering
and 3n the maximum hardness recovered conditions

To evaluate the stiess torrosioun ra-king oehaviou- of the steels, caiitle",cr beam .pecimtns,
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side grooved and fatigue precracked. are used. The typical specimen geometry is shown in fig. 3.

The use of cantilever beam specimens is due to the two following 3asic considerations -,

1) at any given stress intensity above Kiscc the cantilever specimen rupture occurs in the shortest
time compared with other specimens with different geometry giving the same apparent threshold
limit

2) the tests with an increasing K are more representative of the real situntion rather than a decreasing

K or the very difficult constant K tests

Side grooving of the specimens has been selected because of the complete suppression of any

shear lip and of the consequent setting up of pure plane-strain conditions in the whole section.

The obvious reason for fatigue precracking is due to the opportunity not to rely upon the "natural"
development of a stress raiser (such as a corrosion pit) in cunducting stress corrosion tests on high

strength and notch sensitive materials.

After notch and side groove machining, fatigue cracks :ire induced at the base of the notch by
fatigue in air, During fatiguing the crack propagation rate *s .ontiniosly checked with an electrical
resistance meter device as to assure that the ratio of the tot.' flaw depth to the total specimen thickness
is in the range 0 25 + 0. 35 for all the specimens.

Side grooving has proved itself very sati9factory in ma:- Iimng the fatigue crack in axis with the
notch and in allowing the fatigue crack to grow nearly straight •see fig. 4). This i- very important beca

use, during cracking in these conditions crack velocity and also the crack driving force are uniform.

For the stress crrrosion test the specimens are loaded in bending with devices similar to those
proposed by Biown in 1966 (1).

The corrosive medium is 3 % sodiam chloride solution in distilled water. The contact of the
electrolyte with the specimen occurs by continuous dripping of the solution on the notch. References

2, 3 and 5 give ,nore detailed information on the working procedure,

Stress corrosion cracking tests are still in progress and the results on Kiscc values ale not
yet available. The influence of the thermomechanical treatments on the Fracture Mechanics parameters

are however expected to be significant.
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HV 10

.uienscbed and tempered at 3(T0°C
560 Cold deformed by compression 2-3%

2 ndtempering at 300TC for 120'
540 Fidem for 300'

idem for 780'

520

S~I1\
500 -7-

480.

460 /

440,

420-

fig I - Z- Hardness variations consequent to the thermomechanical
cycles illustrated in the figures
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fig. 3 - Stress Corrosion Crack:ng Specimens Geometry

A = Specimen ready for deformaticn

B = Specimen ready for S.-'.C test

fig 4 - Appearance of the fatigue crack penetration
in the specimen
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SUMMARY
The primary and secondary properties of hot rolled plates of 7075 alloy, obtained with
a new processing technique, are briefly described, These new material- chow a significant
reduction of the transverse effect in respect to the conventionally produced plates,
Improved characteristics of ductility, fracture-toughness and stress-corrosion
resistance "re attained in the short transverse direction, along with strength levels
equal to or higher than those of s.milar materials produced in the traditional way,

Cn d6crit *ri;vement les propri6t~s primaires et secondaries des ebauches i chaud
d'alliage 7075, obtenus avec un nouveau proc6d6 te,-hnologique. Ces nouveaux materiaux
prdsentent une significative r~duction de l'effct de travers en comparison avec les
ebauches produits conventionnellement.

Une amelioration le la ductilit6, d6 la tenacit6 i la rupture et de la resistance A !a
corrosion sous tension, est realis~e avec niveaux de r6sistance m6canique egaux ou plus
6ldv~s que ceux dez. similaires materiaux produits avec le proc6d6 traditionnel.

t



PRELIMINARY RESULTS OF MECHANICAL AND STRESS-CORROSION TESTS ON PLATES OF 7075 ALLOY

PRODUCED BY A NEW PROCFSSING rECHNIQUE

by
E.DI RUSSO, M.CONSERVA, MI.BURATTI

rhe scope of this technical note is to present some preliminary results of mechanical

and stress-corrosion tests performed on plates of 7075 alloy, produced by a new

processing- technique. Although the stress-corrosion behaviour, which is the main topic

of this meeting, is not considered in detail, anyhow it may be interesting to describe
briefly the properties of these new products characterized by a significant reduction
of the .ransverse effect.
As id known, the transver'se effect is especially prevalent in plates of 7075 alloy of

normal industrial production.

The material obtained with the new processing technique, represents an important
development towards the production of plates with better combination of strength-

ductility-fracture-tuughness-stress-corrosion resistance in the (short) transverse

direction; on the other hand it can allow a more valuable study to be rade of the

relationship existing between the above mentioned properties , taking as comparison

term a conventionally produced material.
The most important ways till now followed for attaining a more attractive combination

of the main properties which characterize the service behaviour of a plate of 7075
alloy, are the following:
- increase of the degree of purity (very low content of Fe and Si);

- ingot homojcnhi.a:;ion at vcry high temperature and for long soaking timer;
- high solidification rate in order to reduce the D.A.S. (dendrite arm spacing) down

to 20*30 )m.
- two-step ageing cycle.

Another way is to employ ancillary elements different irom chromium; obviously if the
alloy is completely free from chromium, we have a new alloy; a typical example is
given by Zergal alloys, where zirconium is substituting for chromium.

By chance it is to be noted the increasing development of Zr bearing Zergal like alloys,

to retLace 7075 type materials.
All the factors above mentioned ha'e improved the properties of the wrought products

of 7075 alloy, but today they represent only a starting point to go on.
For further substantial improvements it is necessary to follow new routes, taking into

cokmidration the basic structural factors involved in the transverse effect.
The fracture path in specimers subjected to mechanical ann stress-corrosion testing,
foll.,ws preferentially the original cast grain boundaries, which survive in the plate

ind are orientated in the working direction. Actually what we call "grains" are

constituted by aggregates of sub-grains of some )Ln in diameter. This type of fracture
occurs above all when the products is stressed in the short-transverse direction.

rt is worthw, ile remembering that secondary undissolved or insoluble pisses and oxide
inclusions are preferentially localized along the original grain bound-ries and this
?act enhances the transverse effect.
The new processing, developped under contracts with the Italian Ministry of Defence and
the U.S. Department of the Army and forming the object of a recent patent application,

makes possible the complete destruction of the cast structure and the formation of new

grain boundaries not having any relationship with the original primary ones. At the
same time, the new grains are much smaller than those present in a conventionally

produced material. Also in this case, these new grains represent definite aggregates of
sub-grains.
The table I Lists some data of mechanical and stress-corrosion tests performed on two
25 mm-thick plates of high puriLy 7G75 alloy, produced respnctively by conventional

practice and by the new processing, and heat treated T6 and according to a two-step
ageing cycle. The conditions adopted in the second step of ageing (160"Cx13 hra) were
intentionally chosen for comparison purpose.; they determine in fact a stress-corrosion

resistance higher than the typical one of the T6 treatment but. insufficient to make a
conventionally produced plate free from stress-corrosion phenomena in the short-

transverse direction.

As can be seen, after a T6 treatment the new processing causes a strong improvement in

elongation and reduction in. area and such improvement is reached without any changement

of the UTS and YS levels. The results referring to the plate produced by common practice
represent the best which may be obtaiaed on the 7075 alloy conventionally processed.
After two-step ageing cycle, the differences in reduction in area between the two
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materials remain unchanged, while the level of strength is almost the same for the two

plates.
Although these data have been obtained on the long-transverse direction, it is
reasonable to assume that analogous improvements in ductility may be attained in the

short-transverse direction.
Preliminary fracture-toughness tests on the short transverse have indicated also a
significant improvement of KC values caused by the new working process; the fig. 1 shows
the outstanding difference in the aspect of the fracturesurface of two siecimens after
testing,
Stress-corrosion tests performed in the short-transverse direction using "tuning" fork

specimens stressed in tension on the external surface at 60% of Y.S. and subjected to
alternate immersion ýn 3.5% NaC1 solution, have indicated (tab.I) the great impru-,ement
of resistance to cracking which may be reached by the new technological cycle and
suitable ageing treatment (generally performed at 1600Cx16+94 hrs).
On the basis of our knowledge about the relationship between ageing conditions, micro-
structure and stress-corrosion behaviour, we have directed our attention on an outstand
ing structural feature linked with the new cycle; that is a precipitation of chromium
bearing compounds which is quite different in the distribution and size of the
particles from that commonly observed in conventional products of 7000 alloys,

It has been demonstrated that this precipitation acts on the ageing structlres at high

temperature and exerts a positive jnfluence on the general plasticity of the aluminium
matrix,
Such chromium distribution seems to favour the structural modificationsind,'.ed in
Al-Zn-Mg-Cu alloys by a controlled overageing treatment which is responsible for the

increase of the stress-corrosion resistance.

It is obvious that the possibility to have at disposal products of 7075 alloy of
definit- composition and subjected to the same ageing treatment and showing same levels

of strength, but different levels of ductility and toughness, nay be a useful tool for
a better evaluation of the parameters linked .iith the stress-corrosion phenomena as

well as of the significance of the stress-corrosion test data obtained with pre-cracked

specimens.
For this purpose, extensive investigations on AI-Z:k-Mg-Cu system alloys are now in

progress. In the stress-corrosion tests, toghether with pre-cracked specimens of DCB

type, smooth .pecimens are used of the previously mentioned (constant deflection) type.

This spe,:imen has the stressed surface plained and metallographically polished (fig.2),

hence it allows an easy inspection to be made of the crack appearance both visual and

at the optical microscope. Besides, using an especial , designed electrolytic cell,
it is possible to follow continuously at the optical microscope the nucleation of the

creck and its enlargemenc during the stress-corrosion test.

Li



I-3

Tab.I - Results of tensile, fracture-toughness and stress-corrosion
tests performed on the plates of high purity 7075 alloy

produced respectively by conventional and not conventional
processing

tong -transverse short-transverse

Cycle Hct U T S YS0.2% E R A. KC failure(9)
k v-i imes

treatment kg /mm 2  kg/mm 2  % . I V 'T-W " hours
kg % mm (TW) or

T6(TA) 62.0 55.2 8. 17 o17 170 -310
conventional

TAI * A2  60.9 549 8.6 26 109 247.T-310

not T6(TA) 616 562 10.6 34, 120 24,8-310

conventional TAI + A2  60.7 54.2 11.0 4 4.1. 125 >1560

T = s. h. t. at 4.70 OC x 2 hrs: quenching in water at r. t.

A, ageing at 120 0 C x 24 hrs A2 = ageing at 160OC x 13 hrs

(*) Alternats immersion test in salt solution on "U" shaped specimens

conventional not conventional
processinig processing

Fig. I - Fracture surfaces o- fracture-tolighnes, ýpccimens (short-transe-'se

direction) of" the h.p. 7075 alloy plates produced respee•u-vely by
(oniiet ional and not con, ent tona' Iroce('a•ig (Mauln. X2
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Dimensions in nmm.

34

25

L 30

Surface polished by
metallographic technique

Fig.2- Smooth specimen used in the stress-corrosion test,. (Constant
deflection type).,



WRITTEN DISCUSSIONS OF PAPEPS PRESENTED AT THE MEETING

Paper 1 - Engineering Utility and Significance of Stress Corrosion Cracking Data, presented by W. E.
Anderson

R. P. Wei - In your presentation you indicated that the following critoria will be used for assessing the use-
fulness of laboratory stress-corrosion testing results for practic-.I application:

1 (_,)2<?< a <?< L, W

Would you please expand on this point? Do you include conditions other than that for linear
elastic fracture mechanics?

W. E, Anderson - If the cracking problem is clearly linear elastic, the general streas level will be well below yield
and the relative dimensions indicated by the formulation will hold, In these cases, I have no
hesitation in using the G or K representations of test specimens and structure, recognizing that
there may or may not be continuous correlation between stress fielu parameter and the particular
environmental cracking behavior. As the criteria tend more to be violated I become more
cautious, finally "trusting" only to ad hoc test conditions.

W. SchUtz - You mentioned that silver may induce stress-corrosion cracks in titanium parts. Do you know
that some aircraft companies in the United States and Germany use silver plating on titanium
parts to reduce fretting corrosion damage?

W. E. Anderson - Dr, Sch~itz points out (with regard to the jet-engine compressor-disc failure) that silver plating
is currently used on a number of titanium aircraft parts. Yes, I have no doubt, I hope they are
in locations that don't get too hot..

F. Bollenrath - Which are the correlations between the 3-atom-bonds per unit cell and the stress concentration
factor for crack propagation?

W. E. Anderson - Regarding Professor Bollenrath's question, I was only trying to develop some appreciation for
the activity level of each atom bond before the cracking process ruptured it, by whatever mech-
anism, Any "correlation" is determined by the material response to the imposed conditions.
I assumed each aluminum atom vibrated about 1012 times per second and that about three atom
bonds would be broken if the crack advanced one unit cell of 4A. Would two bonds per cell be
a better choice?) Also, "rapid" cracking was taken to be about 10S m/see..

Paper 5 - St me Important Considerations in the Development of Stress Corrosion Cracking Test Methods,
presented by R. P. Wei.

R. N. Parkins - Many service stress corrosion failures, especially in the chemical i.dustry, involve very ductile
materials in thin sections., Linear elastic analysis methods are usually not strictly applicable
under these cond,tions. ro what extent will future developments in fracture mechanics technology
permit its application t,. these practical situations?

R. P, Wei - Dr. Parkins referred to service stress corrosion failures, especially those in the chemical
industry, that involved very ductile materials in thn sectionF If these failures occurred at
nominal stress levels well below the yield strengths of the materials, it is not quite clear that
linear elastic fracture mechanics analysis could not have been applied., The applicability of the
analysis depends on the size of the crack-tip plastic zoi,e in rltation to the rize of the crack and
other planar dimensions of the body., More specific information will be needed for this determina-
tion., Many attempts are being made to incorporate the effect of crack-tip plasticity into the
fracture mechanics analyses, We are hopeful that -ome useful results will emerye soon.

W G. Clark, Jr. - With regard to the effect of exposure time on measured KIncc values, what parameter was used
to determine that the stress-corrosion process was not in operation during the shorter per.ods of
time? Perhaps a fractographic examination of a broken specimen exposed for only a short time
would indicate that stress-corrosion cracking is a problem at the nominal stress intensity
involved. Were the tet specimens involved in your study precracked in a.r or in the
environment ?

R. P Wei - The data shown in Tables I and II of our paper do not imply that stress corrosion was not taking
place at the shorter tim( s. In fact,, they are used to illustrate the dangers involv.ed in making
such an assumption. These results reflect principally the effect of incubation (aefined as the
period in which the rate cf crack growth s much less tVn 10-6 inch per minute). Both displace-
ment-gage measurements, made dýrming testing, and posL fracture examination of ýhe fracture
surfaces were used for establishing this incubation period.,

The particular specimens used in thL3e studies mere pre-crached in air, although specimus ter
other allo~s that mete pre-cracked in the aggresse c environment still bhowe& innubation, as mell
a,, ie other stages of crack growth

S-'~ HIl
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G., J. Danek, Jr, - In what materials did you fatigue precrack in the presence of the environment?

R. P. Wei - The materials that have been fatigue pre-cracked in the presence of environments used in sub-
sequent str'ess corrosion cracking studies include AISI 4340, H-I1 and 18Ni maraging steels,
and Ligh-strength titanium alloys.

Paper 6 - Current Progress in the Collaborative Testing Programme of the Stress Corrosion Cracking
(Fracture Mechanics) Working Group, presented by A. H., Priest,

R. N. Parkins - While not wishing to disagree with your interpretation of the results from the experiments involv-
ing different temperatures, it would be unfortunate if it was thought that temperature invariably
had no effect upon stress-corrosion cracking. Indeed, I wonder in relation to the results in this
work (coupled with the doubts that begin to emerge about the reproducibility and significance of
KIscc) whetn,-. had measurements of crack growth rate been made in these experiments instead
of KIscc, a temperature dependence might not have been observed.

A. H. Priest - I agree that had the crack growth rates been measured in these tests a systematic variation with
temperature would have been observed. Indeed investigations by inaividual laboratories have
shown that the rate :f crack growth displays an Arrhenius type of relationship wiLh temperature.

It does not follow, however, that KIscc values will show a similar relationship since there is
evidence that these depend upon the formation of a stretch zone at the crack tip which is likely
to be governed by the plastic flow properties of the metal. Such properties will be relatively
independent of test tLmperature and over the range investigated the variation of KIscc is probably
insignificant.

A more thorough iavestigation of this type of factor has been initiated as part of the next stage of
the collaborative programme. I disagree strongly with Dr, Parkins (who is a member of the
Working Group) that the Kiscc values of this group are either lacking in reproducibility or of
'loubtful fignificance If evidence could be produced of the greater reproducibility of any other
stress corrosion test condu'ted by as many laboratories I should believe he was on firmer ground.

When one bears in mind that the results from the collaborative programme were conducted on so
many different types and sizes of specimen and that for several of the laboratories tlus was their
first experience of this type of test, the results of the collaborative programme are remarkably
consistent; ýhe reproducibility would be encouraging if only one laboratory had participated, let
alone thirteen.

If, on the other hand, Dr Parkins is referring to the variation of KIscc values within a particular
alloy system then this simply illustrates the sensitivity of fracture toughness parameters to real
metallurgical effects.. ''he influence of inclusion spacing and tensile properties on Klscc values
described at this meeting indicates the importance of this type of factor which is equal to that of
the influence of surface chemistry.

I do not wish to debate the significance of Klscc as a deb.gn parameter in this renly; only time
and experienco will provide the answer. It is interesting to note, however, that at the 1967 Stress
Corrosion Specialists meeting only one out of seven papers was specifically concerned with
fracture mechanics, at the 1971 meeting only seven out of twenty-one were not. One may extrap-
olate from there.

Paper 7 - The Science Committee Confereic- on the Theory of Stress Corrosion Cracking of Alloys,
presented by J. C. Scully

G. Bollani - It would he interust.ng to know whether the branching of the crack reported in y)ur last slide is
attributable to microstructural characteristics of the material (grain boundaries, etc. ), or has
to be explained on fracture mechanics grounds

J. C. Scally - From all the evidence presented by Dr Speidel in his paper on aluminum alloys and from other
speakers at the conference it does seem reasonable to conclude that crack branching is controlled
by considerations of fracture mechanics., This is also the conclusion drawn in my own work on
austenitic stainless steels. By branching I mean a bifurcation followed bh the propagaticn of both
new fronts,. It is also possible to obtain a semblance of branching in situations where somhe
metallurgical feature is highly reactive but in such cases the main crack has mny short digres-
sions. 'lht is quite a different case.

Paper H - Measuring the Degree of Conjoint Action Between Stress and Cerro.,mon in Stress Corrosion,
presented bý F. II. C cks.

If. I, MarlaCU - D)id Nour com ments about ttanium OAl-4V alloy impl an intcrtrariular failure mechanism for
th:,, alloy ?
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F. H, Cocks - No. The results of the precorrosion test procedure shows that there is a very long initiation
stage which is not accelerated by the applicatior of stress. This method does not, however,
give information on the mechanism responsible for this initiation stage, Such information has
to be obtained by other means, e.g., metallography.

H, L. Marcus - In your description of the effect of surface preparation on the initiation-non-stressed condition
you indicate that grain deformation is the primary cause of time effects. Dr, F. Mansfield of
our laboratory has shown a large effect on the pitting potential for various surface preparations
of aluminum alloy 7049 in various heat-treatment conditions. I sugges, that many changes take
place at the surface to change this "initiation" stage.

F. H. Cocks - Undoubtedly there will be found to be many different explanations of precorrosion effects which
may be observed in different alloys and environments. In the case of alloys which crack inter-
granularly, however, it seems reasonable to expect machining or shot-peening treatments to have
a large effect on the initiation period. This is so because such treatments disrupt the grain
boundary structure at the slrface, and this layer of disruption must be penetrated by normal
corrosion processes before stress corrosion can begin. There may, as you point out, be other
processes occurring during the stress corrosion initiation period as well. Regardless of the
cause o' the imtiation period, however, the precorrosion testing method I described provdes a

quantitative means for measuring how important this stage is in the overall failure process.

Paper 10 - Stress Corrosion Testing of Welded Joints, presented by T. G. Gooch,

W, G. Clark, Jr. - In your testing of welded joints, how do you account for the effect of residual qtresses? How can
you report stress-corrosion threshold values if you do not know the applied stress?

T. G.. Gooch - The question of residual welding stresses must be considered in relation to both laboratory test-
ing and service. Once 3-point bend specimens are machined from a weld for sce testing, tensile
residua-l stresses will be largely relieved. Thus experimental derivation of KIscc ignores their
contribution to the applied stress. However, unless there has been an effective stress relief
treatment, residual stresses will constitute a significant addition to service loading. It may be
difficult to establish preciselv what residual stress exists, and a conservative approximation
must be made. This should allow for local stress concentrations and joint geometry. For
example, transverse to a weld, the stresses will normally be of the order of parent material
yield stress,. Along a weld they may be determined by the weld netal yield stress. In the
linear elastic regime, At may be possible to determine the total acting K level by superimposing
the contributions from residual and service stresses. This is comparable to the general
yielding situation of adopting an additive strain approach to obtain a resultant total strain. In
both cases, it should be possible to assess service performance in the light of NDT sensitivity.
However, ccasiderably more work is required before the effects of residual stresses can be
fully defineo.

Paper 11 - Scieening Tests of Susceptibility to Stress Corrosion Cracking, pres-nted by G. J. Blefer.

W. K. Boyd - In our laboratory we have recently studied cathodic protection of 18Ni(200) n'araging and HY140
steels in actual sea water. No hydrogen embrittlement was noted at three times the current
densities required for protection. This has been attributed to the formation of a calcareous de-
posit on the surface which minimizes hydrogen pick-up., However, if hydrogen sulphide is pre-
sent crackung will occur very readily.

G. J. Biefer - Your statement suggests thal the deliberate formation of a calcareous deposit would be a means
cf preventing hydrogen embrittlement cracking. However, in most service conditions, the for-
mation and maintenance of a protbtive calcareous deposit on an immersed steel structure would
not be practical.

Paper 12 - Stress Corrosion Testing of Titanium Alloys, presented by S J, Ketcham.

F. Bollenrath - Low-stressed welds commonly show some creep of room temperature. Did you observe a
correlation between the lifetlme of test pieces taken from weld joints and the holding time from
fabrication and loading of the C-ring to the introduction of the corrosive environment?

S. J. Ketcham - The precracked and double edge notched tenslhe specimens fabricated from the weldments were
tested under dead load so stress relaxation fi,,_•' room temperature creep should not be a factor.
This may have occurred, however, with the 4-point loaded hend specimens. Room temperature
creep may also account for the fact that the notched C-rings either failed within 30 minutes or
not at all, Th( C-rings, incidentally, were loaded in the corrosi e environment

Paper 13 - factors Influencing Threshold Stress Intensit Values and Crack Prnpagation ltt s l)uring Streus
Corrosion Cracking Tests at High-Strength Steels, presented b 1'. McInt\ re.
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R., DeSantis - In your report you indicate KIscc values obtained on steels heat treated at 600°C., Such materials
are characterized by very high toughness values so that very thick specimens are required to
meet plane strain conditions., How did you conduct your tests? What were the dimensions of
your specimens? How did you overcome the difficulties associated with testing very thick
specimens?

P. McIntyre - Dr. DeSantis questions the validity of our KIscc values for steels temperated at 600°C on the
grounds th.-t the specimens would not meet the specimen size crierion that the thicknesses, B,
must exceed.,

2.5 (yieid stress)

I believe he has come to this false impression for the following reasons.,

(1) He has inserted KIc values in the expression to calculate B values where he should
have used KIscc values.

(2) He has assumed that the steels we are investigating have carbon levels in the region
of 0.2% when in fact they are 0.4% carbon low alloy steels and therefore possess high
yield strengths.

A typical Kiscc value of such steels after tempering at 600°C is 40 ksi-i'n. . and a typical 0.2%
proof stress is 200 ksi.

Inserting these values in the expression,

B 2.5 ( )2 = . lin.

Tne specimens we used were 0.394 in. square which is well in excess of the above minimum size
requirement.

Paper 19 - Influence of Test Method on Stress Corrosion Behavior of Aluminum Alloys in Sea Water, pre-
sented by G. J. Danek.

E. DiRusso - In the work presented, alloys of 6000-type are included in those wrought products which were
subjected to stress-corrosion testing., Also for these alloys KIscc values are gien., I have never
found "true" stress-corrosion failures in alloys of the Al-Mg-Si system but only stress-accelerated
corrosion phenomena. Is it correct to assume that KIscc values are actually representative of
stress-corrosion resistance for such alloys?

G. J. Danek - In using KIscc to describe the threshold stress intensity value for 6061-T652 tested in seawater,
it is not intended to imply that the alloy is susceptible to stress corrosion cracling in the tradi-
tional sense. The term stress corrosion cracking has been traditionally defined as intergranular
cracking in an environment, But with a fatigue crack it is possible ior the specimen to fall without
such development of intergranular cracking. Slight lowering of the K value for 6061-T652 may be
due to other effects such as creep or lowering of surface energy by adsorption of impurities to
facilitate crack propagation.,

Paper 22 - Stress Corrosio'. Cracking of Martensitic Precipitation Hardening Stainless Steels, presented
by M. Henthorne.

P. Merklen - In the case of intergra."lar corrosion what is the value to be assigned to KIscc when it is deter-
mined by i-troducing a fatigue precrack which is transgranular ? How will this transgranular
crack propagate in the corrosive medium where we normally have intergranular corrosion
cracking?

M., Henthorne - The question raised by Mr. Merklen is an interesting one and is of course applicable to precracked
specimens in general and not just my presentation. I suspect that in most cases, a transgranular
fatigue crack is not much of a hindrance to intergranular stress corrosion cracking for at least
two reasons. First,I believe a prime function of the precrack is to serve as a crevice and it
does this independent of crack path. Secondly, in a commercial alloy and a typical precracked
specimen, the fatigue crack front will cross about, 1000 grain boundaries. It therefore seems
very probable that at man) points along the crack front the stiess conditions will be quite favorable
for a change in crack path if there is any electrochemical impetus to do so, In stress intpnslty
situations close to Klscc then differences between the fatigue crack path and stress corrosion mode
may be more significant - a p .ssibility supported by the papers (this volume) by Priest and
McIntyre.

J. A. Davis - Dr, Henthorne proposed a hydrogen uwbryttlement mechanism for stress-corrosion cracking of
pli steels with hydrogen produced by the corrosion reaction. I feci that measurements of pN at
the crack tip and at some distance from the crack tip indicate anodic dissolution continuously occurs
at the crack tip with the cathodic reaction occi.rring at a finite distance from the crack tip. Protons

11'
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F. H.I Cocks - No.. The results of the precorrosion test procedure shows that there is a very long initiation
stage which is not accelerated by the application of stress.. This method does not, however,
give information on the mechanism responsible for this initiation stage.. Such information has

to be obtained by other means, e.g., metallography..

H. L. Marcus - In your description of the effect of surface preparation on the initiation-non-stressed condition
you indicate that grain deformation is the primary cause of time effects, Dr, F, Mansfield of
our laboratory has shown a large effect on the pitting potential for various surface preparations
of aluminum alloy 7049 in various hiat-treatment conditions. I suggest that many changes take
place at the surface to change this "initiation" stage.

F. H. Cocks - Undoubtedly there will be found to be many different explanations of precorrosion effects which
may be observed in different alloys and environments. In the case of alloys which crack inter-
granularly, however, it seems reasonable to expect machining or shot-peening treatments to have
a large efiect on the initiation period. This is so because such treatments disrupt the grain
boundary structure at the stirface, nnd this layer of disruption must be penetrated by normal
corrosion processes before stress corrosion can begin. There may, as you point out, be other
processes occurring during the stress corrosion initiation period as well. Regardless of the
cause of the i.itiation period, however, the precorrosion testing method I described provides a
quantitative means for measuring how important this stage is in the overall failure process.

Paper 10 - F- ess Corrosion Testing of Welded Joints, presented by T. G., Gooch.

W.. G. Clark, Jr In your testing of welded joints, how do you account for the effect of residual stresses ? How can
you report stress-corrosion threshold values if you do not know the applied stress?

T.. G. Gooch - The question of residual welding stresses must be considered in relation to both laboratory test-
ing and service., Once 3-point bend specimens are machined from a weld for scc testing, tensile
residual stresses will be largely relieved.. Thus experimental derivation of KIscc ignores their
contribution to the applied stress. However, unless there has been an effective stress relief
treatment, residual stresses will constitute a significant addition to service loading. It may be
difficult to establish precisely what residual stress exists, and a conservative approximation
must be made. This should allow for local sLress concentrations and joint geometry. For
example, transverse to a weld, the stresses will normally be of the order of parent malerial
yield stress. Along a weld they may be determnined by the weld metal yield stress. In the
linear elastic regime, it may be possible to determine the total actin- K level by superimposing
the contributions from residual and service stresses. This is comparable to the general
yielding situation of adopting an additive strain approach to obtain a resultant total strain. In
both cases, it should be possible to assess service performance in the light of NDT sensitivity.
However, considerably mere work is required before the effects of residual stresses can be
fully defined.

Paper 11 - Screening Tests of Susceptibility tc Stress Corrosion Cracking, presented by G., J. Biefer.

W. K. Boyd - In our laboratory we have recently studied cathodic protection of 1SNi(200) r,,araging and HY140
steels in actual sea water. No hydrogen embrittlement was noted at three times the current
densities 1equired for protection., This has been attributed to the formation of a calcareous de-
posit on the surface which minimizes hydrogen pick-up. However, if hydrogen sulphide is pr2-
sent cracking will occur very readily.

G. J, Biefer - Your statement suggests that the deliberate formation of a calcareous deposit would be a means
of preventing hydrogen embrittlement cracking. However, in most service conditions, the for-
mation and maintenance of a protective calcareous deposit on an immersed steel structure would
not be practical.

Paper 12- Stress Corrosion Testing of Titanium Alloys, presented by S. J. Ketcham.

F, Bollenrath - Low-stressed welds commonly show some creep of room temperature. Did you observe a
correlation between the lifetihme of test pieces taken from weld joints and the holding time from
fabrication and loading of the C-ring to the introduction of th. corrosive environmcnt?

S, J. Ketcham - The precracked and double edge notched tensile specimens fabricated from the weidments were
tested under deaO load so stress relaxation due to room temperature creep should not be a factor.
This may have occurred, however, with the 4-point loaded bend specimens. Room temperature
creep may also account for the fact that the notched C-rings either failed %ithin 30 minutes or
not at all. The C-rings, incidentall\, were loaded in the corrosive enN ironmenit

Paper 13 - Factors influencing Threshold Stress IntenbtN Values and Crack Propagaton Rates, D)uring Stress
Corrosion Cracking Tests at hligh-Strength Steels, prcseontd bh, P IeInt\ r(
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produced during hydrolysis of the anodic reaction products must diffuse away from the crack tip

before they are reduced to hydrogen atoms. The hydrogen atoms can then be absorbed and
diffuse to the crack tip region. However, the fact that anodic dissolution continuously occurs at
the crack tip indicates crack propagation is at least partially by an anodice dissolution mechanism.

M. Henthorne - Anodic dissolution is essential for crack propagation since, as Dr. Davis notes, it indirectly
produces the hydrogen. I agree that anodic dissolution probably does move the crack forward
finite amounts but suspect this is minor propagation compared to that resulting from hydrogen
beyond the crack tip. Much of the anodic reaction will occur on the walls close to the crack front
as noted by Dr. Davis. In the absence of hydrogen to propagate the crack I believe either stifling
of the corrosion reaction or lateral growth (i.e., pitting) will occur. Of course in other systems,
e.g., mild steel in nitrates, I believe anodic dissolution plays a major role in moving the crack
forward.

Paper 24 - Microscopic Identification of Stress Corrosion Cracking in Steels With High-Yield Strength,
presented by E. H. Phelps.

T., G. Gooch - Work at The Welding Institute on transformable steels has shown failure mode to depend on both
material mierostructure and susceptibility, and on applied stress intensity., With increasing sus-
ceptibility or decreasing stress intensity, there is a transition from ductile to cleavage to inter-
granular failure. Mixed mode failure is common. A twinned martensitic structure has been
found to be most susceptible to hydrogen induced stress corrosion, and this microstructure is
particularly associated with intergranular failure., Results obtained appear consistent with
Dr. Phelp's data.

Paper 29 - Preliminary Report on the Research on the Influence of Thermomechanical Treatments on Stress
Corrosion Cracking Behavior of AISI 4340 Steel, presented by R, DeSantis.

W., Barrois - Don't you suppose that the variation in hardness iL analogous to that observed with numerous
alloys stretched in the course of a tensile test. I think that this is a type of Bauschinger effect

related to the stability of dislocation pile-ups correspcnding to deformations and residual quench-
ing stresses which are on the scale of grains anJ precipitates.

R. DeSantis - The possibility of the intervention of a ph3nomenon similar to the Bauschinger effect to explain
the variation in hardness of the steels has been considered., We must however point out that theS',enomenon occurs not only in straining the metal in compression (as is typical for the Bauschign.r

e'fect) but also in straining in tension. It occurs also only on heat treatable steels tempered at low
temperature without any prior mechanical hardemng process. We agree howeVw - that the
decrease in hardness is related to the distribution of the dislocations in the material.,


